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CHAPTER 1 
 
Term Definition Term Definition 
Antcap: A capture antibody utilized in a surface 
based immunoassay 
 
Ralign: Resistance of the ferromagnetically aligned 
GMR 
Abunk: The unknown (target) antibody in a 
surface based immunoassay for 
quantification of antibodies 
 
Ranti: Resistance of the antiferromagnetically 
aligned GMR 
Ablabel: The labeling antibody used in a surface 
based immunoassay 
 
RH: The “high” resistance state experienced by 
electrons passing through the GMR 
GMR: Giant magnetoresistive sensor RL: The “low” resistance state experienced by 
electrons passing through the GMR 
 
HAPP: Applied magnetic field (Oe) χ: A constant used to relate RH to RL 
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CHAPTER 2 
Term Definition Term Definition 
∆E: E1-E2, the potential drop observed across 
the GMR network at any time. 
 
Hadd,x: The x-component of the field from a 
simulated ferromagnetic sample (Oe). 
∆Emax: The maximum observed value of  ∆E 
minus the baseline value of  ∆E in the 
presence of a sample (mV). 
 
HAPP: Applied magnetic field (Oe) 
∆Emin: The baseline value of  ∆E minus the 
minimum observed value of  ∆E in the 
presence of a sample (mV). 
 
Hobs,norm: The normalized response of the GMR to 
a simulated sample. 
∆EN,i: The normalized response of the GMR to 
a sample i. 
Hobs,x: The sum of Hadd,x and the x-component 
of HAPP in a simulated sample (Oe). 
 
∆Eobs: The response of the GMR to a sample 
(mV). 
 
Hobs,x,norm: The normalized response of the GMR to 
a simulated sample. 
∆Eobs,i: The response of the GMR to a specific 
sample, i (mV). 
 
ISRC: The current passed through the GMR 
(mA). 
∆Eobs,ref: The response of the GMR to a reference 
(mV). 
 
RR1: The resistance of one reference resistor 
(ohms). 
E1-E2: The observed response of the GMR 
network at any time (mV). 
 
RR2: The resistance of one reference resistor 
(ohms). 
Ebaseline: The observed potential of the GMR 
network (E1-E2) in the absence of a 
sample (mV). 
 
RS1: The resistance of one sensing resistor 
(ohms). 
Emin: The minimum potential observed in the 
GMR network in the presence of a 
sample (mV). 
 
RS2: The resistance of one sensing resistor 
(ohms). 
Esample: The value of  ∆Eobs after detection of a 
sample. 
Rbaseline: The resistance of the simulated GMR 
network in the absence of any sample 
(ohms). 
 
Emax: The maximum potential observed in the 
GMR network in the presence of a 
sample (mV). 
 
Rmin: The minimum observed resistance of the 
simulated GMR in the presence of a 
sample (ohms). 
GMR: Giant Magnetoresistance Sensor Rmax: The maximum observed resistance of the 
simulated GMR in the presence of a 
sample (ohms). 
 
Hadd: The field from a simulated ferromagnetic 
sample (Oe). 
Rsample: The resistance of the simulated GMR in 
the presence of a sample (ohms). 
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CHAPTER 3 
 
Term Definition Term Definition 
∆E: The observed response of the GMR at any 
time (mV). 
 
GMR: Giant magnetoresistance sensor 
∆Emax,a: The first observed maximum in the GMR 
response to a sample address (mV). 
 
OVA: Ovalbumin 
∆Emax,b: The second observed maximum in the 
GMR response to a sample address (mV). 
 
r: The separation between the sample-stick 
and GMR sensor (µm). 
∆Emax,obs: Any observed maximum associated with 
the passage of a sample over the GMR 
network (mV). 
 
Rbaseline: The resistance of the GMR sensor 
network in the absence of any sample 
(ohms). 
 
∆Emin: The observed minimum of the GMR 
response in the presence of a sample 
address (mV). 
Rmax: The maximum resistance of the GMR 
network observed in the presence of a 
sample (ohms). 
 
∆EN,i: The normalized GMR response to any 
address, i. 
Rmin: The minimum resistance of the GMR 
network in the presence of a sample 
(ohms). 
 
iSN
E ,∆ : The normalized GMR response to a sample address, i. Rsample: The difference between Rmax and Rmin, used to quantify the GMR response to a 
sample (ohms). 
 
iS
E∆ : The observed GMR response to a sample 
address, i (mV). 
 
SAL: Salmonella enterica serotype 
typhimurium 
EC: Eschericia Coli O157:H7 σn: The standard deviation of several 
measurements of a sample address. 
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CHAPTER 4 
 
Term Definition Term Definition 
b: y-intercept of the baseline signal IMP: The overall improvement factor 
comparing integrated analysis to 
∆EOBS. 
 
D(t): Variations in the GMR baseline caused 
by nonmagnetic stimuli such as 
temperature or pressure. 
 
ISRC: The current sourced through the GMR 
network (mA). 
∆Emax,1: The first observed maximum in the GMR 
response to a sample (mV). 
mt: The slope (m) associated with the 
baseline signal over time (t). 
 
∆Emax,2: The second observed maximum in the 
GMR response to a sample (mV). 
 
NIF: The noise increase factor for 
comparing integration to  ∆EOBS. 
∆Emin: The observed minimum in the GMR 
response to a sample (mV). 
Nt: Variations in the GMR baseline 
associated with random noise. 
 
∆EOBS: The observed potential of the GMR 
network at any time (mV). 
 
σbase: The standard deviation of a single 
baseline (mV). 
EOBS: The signal from a given sample, as 
determined by  ∆Emin,  ∆Emax,1, and  
∆Emax,2 (mV). 
 
inbase,σ : The average standard deviation of several integrated baselines (mV). 
GMR: Giant magnetoresistive sensor 
OBSbase,σ : The average standard deviation of several baselines (mV). 
 
HAPP: Applied magnetic field (Oe) σint: The standard deviation of a single 
integrated baseline (mV). 
 
I(x): The raw integration result (running total) 
(mV). 
SIF: The signal improvement factor for 
comparing integration to  ∆EOBS. 
 
Imax,n: The maximum observed value for I(x) in 
the presence of a sample, n (mV). 
Sint,n: The integrated signal from a sample 
address (mV). 
 
Imin,n: The minimum observed value for I(x) in 
the presence of a sample, n (mV).  
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APPENDIX 
 
Term Definition Term Definition 
A: 
a reflectance constant equal to 
S
ε303.2
  
 
Ka: equilibrium constant for the H+ reaction 
with thymol blue 
−TBA : reflectance constant for the deprotonated form of thymol blue 
 
KD: Partition coefficient of the extraction 
disk 
ATBH: reflectance constant for the protonated 
form of thymol blue 
 
KTB: equilibrium constant for the reaction of 
thymol blue on the extraction disk with 
H+ 
 
ATB,tot: reflectance constant for thymol blue nf: number of moles of analyte partitioned 
into the extraction disk 
 
 
χ: a constant equal to
DtotTB
TBTB
KA
AK
,
−
  
 
pHC-SPE: pH of the analyte solution, as 
determined via C-SPE 
Cf: concentration of analyte captured on the 
extraction disk 
 
pHmeter: pH of the analyte solution as 
determined via a pH meter 
C-SPE: colorimetric-solid phase extraction R: percent reflectance (as a fraction of 1) 
at a given wavelength 
 
ε: absorptivity S: wavelength dependent scattering 
coefficient of the extraction disk 
 
F(R): Kubelka-Munk value −TB : concentration of deprotonated thymol blue on the extraction disk 
 
F(Rratio): ratio of two Kubelka-Munk values TBH : concentration of protonated thymol 
blue on the extraction disk 
 
F(RIP): Kubelka-Munk value at the isosbestic point 
 totTB : 
total concentration of thymol blue on 
the extraction disk 
 
+H : Concentration of hydrogen ion on the extraction disk 
Vf: volume of the extraction disk 
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Chapter 1:  General Introduction 
DISSERTATION ORGANIZATION 
Analytical chemistry has expanded in recent years into many new and exciting areas.  
It is quickly extending to include quantitative detection of biological samples through 
methods not traditionally employed by the biologist.  This dissertation describes research 
efforts aimed at applying a sensor originally developed for the digital detection of magnetic 
material to the quantitative detection of biolytes.  The intersection of magnetic detection, 
biology and analytical chemistry is explored through the use of giant magnetoresistive 
measurements.  In the realm of magnetic detection, the demand for greater data storage 
densities and read/write rates resulted in development of giant magnetoresistive sensors,1 
which, in turn, led to investigations on how to transform this technology into a readout tool 
for other types of detection, such as in immunoassays.  In biology, the need for rapid 
detection of numerous different organisms has led to the development of miniaturized assays 
and uses for antibody-antigen interactions.  Together, these two ideas form the basis for 
development of a novel method for the identification and quantitation of biological samples. 
The introduction section of this dissertation provides a literature review of some key 
aspects of magnetic detection and immunoassays.  Prior to discussion of the development of 
giant magnetoresistive (GMR) sensors, the historical development of the research which led 
to the discovery of the unique properties of GMRs is briefly presented.  Following those 
discussions, a summary of some of the more common methods for immunoassays is given.   
The introduction is followed by three chapters, each presented as a separate 
manuscript, focusing on work in the development of giant magnetoresistive sensing of 
biological analytes and methods for signal interpretation, followed by a chapter containing 
general conclusions and future prospects for the GMR work.  This dissertation concludes 
with an appendix containing work performed using Colorimetric-Solid Phase Extraction to 
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determine pH of water samples.  The details of C-SPE are found in the appendix, rather than 
within this introductory chapter. 
INTRODUCTION 
Historical Development of GMR 
The first experiments demonstrating anisotropy in thin magnetic films were 
performed by A. Kundt in 1884, in which he demonstrated the rotation of polarized light 
passed through thin films of ferromagnetic materials.2  These experiments established the 
proportionality between the observed rotation of light and the magnetization component of 
the ferromagnetic film which was aligned parallel to the direction of the light beam.2, 3  This 
observation was the driving force in research on thin film magnetics for nearly 100 years. 
By the early 1950’s, improved vacuum systems led to more reproducible magnetic 
films created by thermal evaporation.  Using this new technology, interface anisotropy (first 
predicted in 1954 by Néel4, 5) was finally observed experimentally in 1968.6-8  These findings 
paved the way for observation of anisotropy within a number of materials; most pertinent to 
this work, perpendicular anisotropy was observed in a Co/Pd multilayer in 1985.9  
Perpendicular anisotropy is generally referred to as anisotropy observed in a plane 
normal to a thin film surface.  In this case, it referred to the ability to easily magnetize the 
Co/Pd multilayer normal to the surface of the plane.9  Prior to this development, magnetic 
recording media (e.g. hard drives) were magnetized parallel to the surface of the recording 
medium, and thus were significantly more limited in the density of data that could be stored 
in a given area on a disk.  The theory put forth by Givord and co-workers provides a more 
detailed discussion of this area.10    The increased bit density resulted in a need for the 
development of a suitable readout technique, ultimately leading to the discovery of GMR.   
In 1988, the GMR effect was first demonstrated.11-13   Practical application of this 
phenomenon followed almost immediately, and in 1994, the first commercial devices 
utilizing the GMR effect were introduced.1, 14 In 1997, the first hard drive read heads relying 
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upon GMR sensors were brought to market by IBM.15  The introduction of GMR read heads 
to the hard drive industry allowed the readout of bits on the order of 80 nm in size, 
magnetized normal to the platter surface at speeds exceeding 300 Mb/s,16 revolutionizing this 
vital sector of the marketplace.   
GMR Effect 
The GMR effect refers to a change in resistivity observed within certain types of thin, 
multilayered materials in an external magnetic field.  Typical materials exhibit a change in 
resistivity on the order of 1% or less in the presence of a magnetic field, but these 
multilayered structures demonstrated changes in resistivity at room temperature on the order 
of 15% or greater.  Reports of GMR effects in excess of 80% have been published at low 
temperatures.17  A GMR-type effect of 138% has been found in a magnetic tunnel junction; 
however, these sensors are still in the early stages of development.18  Several reviews of 
GMR and its applications are available.3, 19-24   
The GMR effect is based primarily on quantum mechanical coupling, resulting in 
spin dependent scattering of electrons through a multilayered structure.  Maximum scattering 
(and thus maximum resistivity) is observed in the GMR structure when neighboring magnetic 
layers are antiferromagnetically aligned, a state which is typically observed in the absence of 
an applied field (HAPP) and controlled during the manufacturing process through careful 
design of the thickness of the nonmagnetic layer separating each ferromagnetic layer of the 
material.1  Figure 1 (adapted from Rife25) gives an example of the GMR multilayer structure 
used in the experimental chapters of this dissertation and illustrates the careful control 
necessary for the manufacture of the GMR sensors.  Two conditions must be met for the 
GMR effect to be observed:  1) orientation of magnetization of adjacent ferromagnetic layers 
must be changeable and 2) the thickness of each layer must be less than the mean free path of 
an electron through that layer of the structure.22 
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The primary cause of the spin dependent scattering observed in GMR materials is an 
imbalance of the spin population at the Fermi level.  The inequality in spin population is 
often observed in ferromagnetic materials such as those typically used to make GMR 
materials.   
The density of states available to electrons having different quantum mechanical spin 
(ml) (“spin-up” or “spin-down”) is approximately equal, but the two states are shifted in 
energy with respect to one another.26  This situation results in an unequal filling of the two 
energy bands, understood as the unpaired filling of the 3d or 4f orbitals in ferromagnetic 
materials which creates uncompensated spin.5, 7  The unequal filling of the bands leads to an 
inequality of spin-up and spin-down carriers available for electron transport at the Fermi 
level which, in turn causes the net magnetic moment observed in ferromagnetic materials.21   
 
 
Figure 1:  Layout of a typical GMR multilayer consisting of 15 layers.  The alloy compositions 
(atomic percent) in the stack are:  NiFeCo (65/15/20), CoFe (95/5), and CuAgAu (69/27/4).  
This architecture results in GMRs that, prior to the onset of saturation (~450 Oe), exhibit a 
large region in which there is a linear dependence of resistance on HAPP.25 
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The split in energy between spin-up and spin-down carriers can produce a net spin 
polarization in electron transfer through the material, but the magnitude of that polarization is 
dependent on the material.  It is this net spin polarization that yields the perpendicular 
anisotropy discussed previously and ultimately gives rise to the GMR effect.  As might be 
expected, there is an active search for conductive materials with 100% polarizing effects,27-31 
though materials such as Co, Ni, Fe, and their alloys have shown polarizing effects on the 
order of 40-90%32 and are sufficient for development of devices such as the GMR.  A 
schematic showing how the energy of the spin-up and spin-down carriers is split in some 
transition metals is presented in Figure 2.21, 22   
This occurs because the splitting of the energy bands observed in ferromagnetic 
materials creates an energetically favorable arrangement, and is primarily a consequence of 
the Jahn-Teller effect.33  From a practical standpoint, once the conditions for orientation 
control and layer thickness are met, the GMR material can be treated as a network of 
electrical resistors whose behavior is different for electrons of the two different spins.34  
Additionally, the total resistivity of the sensor is dependent on the degree to which the 
 
Figure 2:  Schematic of the shift in energy levels near the Fermi level observed in 
transition metals, showing a higher energy state for spin up electrons when 
compared to spin down electrons. Adapted from references 21 and 22. 
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magnetic layers within the material are ferromagnetically aligned.  The ferromagnetic 
alignment of the layers is typically controlled by the magnitude of HAPP.  
Figure 3(a) and (b) show first principle illustrations that give a qualitative description 
of electron scattering through a GMR in the cases where the layers of the GMR are fully 
 aligned and fully antialigned, respectively, representing the two limiting cases of a 
multilayer GMR sensor.22 
Figure 3(c) and (d) illustrate the resistivity of the GMR at the two limits, where the 
respective ferromagnetic layers are in ferromagnetic alignment and antiferromagnetic 
alignment, respectively.   
 
Figure 3: Resistor scheme and illustration of the GMR phenomenon for a typical multilayer 
GMR, adapted from reference 21. (a) Illustration (not to scale) of the electron scatter observed in 
a fully aligned GMR material.  (b) Illustration (not to scale) of the increased electron scatter 
expected in a GMR multilayer in the absence of HAPP, resulting in increased GMR resistance.  (c) 
Electrical scheme showing the two different resistances encountered for spin up and spin down 
electrons in the fully aligned (low resistance) case.  (d) The electrical scheme showing the 
different resistances encountered by spin up and spin down electrons in the fully antialigned 
(high resistance) case.   
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From Figure 3, we develop an illustrative example of a hypothetical GMR in these 
two limiting cases.  We consider the ferromagnetic layers of the GMR as resistors that have 
different resistivities to spin up and spin down electrons.  The layers, which in the absence of 
HAPP are antiferromagnetically aligned, can be forced into alignment though the application 
of sufficient HAPP.  This example assumes that spin up electrons are scattered more by the 
ferromagnetic layers having alignment from right to left.  Spin down electrons, conversely, 
are predominantly scattered by the layers of the GMR having ferromagnetic alignment from 
left to right.  As a result, the two electron types experience different resistances, which are 
dependent on the interface scattering at the edge of the layer of the GMR through which they 
are passing through at any given time.   
Developing this idea, Figures 3(a) and (c) give a visualization of the electron 
scattering and a schematic of the resistor network, respectively, for the case of full magnetic 
alignment (large HAPP).  In Figure 3(c), the upper (lower) path on the resistor network 
represents the resistance encountered for spin up (down) electrons.  In this case, the total 
resistance (Ralign) of the system can be written as: 
HL
align
RR
R
2
1
2
1
1
+
= . (1) 
where RH is a large resistance and RL represents the reduced scattering (low resistance) 
layers.  Assuming that  
RH=χRL, (2) 
where χ is an arbitrary constant, having value >1, relating the two resistance values, then 
1
2
+= χ
χ L
align
RR . (3) 
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Analysis of the case where the layers are antiferromagnetically aligned, as in Figure 
3(b) and (d), shows the total resistance of the GMR (Ranti) as 
LHHL
anti
RRRR
R
+++
=
11
1 . (4) 
Substitution of equation (2) into equation (4) yields the following: 
Lanti RR 2
1+= χ . (5) 
Finally, dividing equation (3) by equation (5), a relationship between the two limiting cases 
of the GMR is given as 
( )21
4
+= χ
χ
anti
align
R
R
. (6) 
In the case where χ>1 (the assumed case), the value of 
anti
align
R
R
is less than 1, 
demonstrating how the spin dependent scattering results in the observed changes in the 
material resistivity with HAPP. 
Some of the earliest GMR sensors,35 termed “weakly coupled sandwiches,” consisted 
of a number of alternating layers of NiFeCo alloy, with Cu serving as the nonmagnetic layer.  
The thickness of each layer was set such that in the absence of external magnetic fields, the 
coercivity of each ferromagnetic layer would drive antiferromagnetic alignment in 
neighboring ferromagnetic layers (see Figure 3(a)).   Additionally, to observe the GMR 
effect, the thickness of each layer was less than the mean-free path of an electron (layer 
thickness = 40 Å).  Application of sufficient HAPP then forced the ferromagnetic layers into 
magnetic alignment, and the resistivity of the material reduces.  These early GMRs had an 
observed change in resistivity on the order of 4 to 7% in magnetic fields of 100-150 Oe.  
GMR sensors similar in structure to these early sensors are used throughout this dissertation. 
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Other types of GMR sensors, such as spin valves, granular alloys, or tunnel junctions 
have been developed over the years since the discovery of the original multilayer GMR.36  
These sensors also demonstrate resistivity changes in the presence of magnetic fields and 
were developed based upon the same interface scattering dependencies.  Though not used in 
this work, these other types of GMRs are noted for completeness. 
Common Uses of GMR Sensors 
In addition to its ubiquitous presence in hard drives, the GMR has been applied to 
detection in a range of different areas.  For example, a number of groups have worked to 
develop magnetic random access memory (MRAM), though only one company currently 
manufactures MRAM on a commercial scale.37  
There are several schemes for the application of GMR to MRAM.  One method 
which has been explored utilizes an array of wires is prepared in a grid, with spin-valve 
GMR sensors placed at each junction of the grid.  By pulsing current through one wire in the 
grid, and probing the other, the direction of the magnetic moment of the “hard-layer” of the 
spin-valve GMR sensor at the intersection of the wire can be ascertained, and thus a “bit” of 
data can be read.  By sending larger currents through both wires, the magnetic induction due 
to the wires can be used to flip the direction of the magnetic moment of the ferromagnetic 
layer of the GMR, and thus bits can be both “read” and “written.”32  Theoretically, MRAM 
can possess a data density of 400 Gb/in2 with 0.5-ns readout and 0.7-ns write times.7  
Comparing MRAM to traditional RAM, it is noted that the manufacturing techniques for 
both types of memory are comparable, thus the data density expected is similar.  Actual 
read/write rates of 35 ns have been developed for traditional RAM.38 
The primary advantage of MRAM over traditional random access memory (RAM) is 
data retention after power is removed.  Additionally, unlike RAM, MRAM does not require 
nearly constant refreshing to prevent data loss (traditional RAM must typically be refreshed 
thousands of times per second).  This reduces the power consumption of the memory and 
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thus creates a more energy efficient memory, appealing for use in battery operated devices.  
A review of the challenges and ideas in development for the commercial application of 
MRAM has been written.39  Much of the reason MRAM has not been further developed as a 
commercial product is attributed to the dramatic cost reduction in flash-based memory over 
the last several years.  
Outside the area of computer components, GMR sensors have been developed to 
perform a number of different tasks, including biosensing schemes,40-45 tension testing,46, 47 
rotation indication,48 anti-lock braking sensors,49 in-flow detection,50, 51 and magnetic 
imaging.52  Of interest to the work herein, we now turn our attention to a brief overview of 
immunoassays and some of the techniques which can be used to detect bioanalytes. 
Immunoassays 
In general terms, an immunoassay is an analytical test of a protein or other target, 
based upon interactions with an antibody.    An excellent book has been written on this 
topic,53 and as such only a brief treatment is given here. 
A number of different schemes and categories exist for defining the most used types 
of immunoassays.  Two commonly encountered categories are competitive and 
noncompetitive immunoassays. Some examples of each are given in Table 1, and an 
overview of each follows, as adapted from several sources.53-56  
Table 1:  Common immunoassay typesa 
Category Assay type 
Immobilized antibody 
Competitive Immobilized antigen 
2 site (sandwich) assay 
Antibody Quantification Noncompetitive 
Antigen on a solid phase (Western Blot) 
a:  Adapted from information in Diamandis.53 
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Competitive immunoassays are, broadly speaking, assays in which the target antigen 
is in competition with a second antigen for binding sites on a capture surface (typically  
antibodies bound to polystyrene wells, beads, or tubes.).57  Generally speaking, in a 
competitive immunoassay, the signal scales inversely with analyte concentration due to 
competition for binding, wherein the target and label analyte each establish equilibrium with 
the binding sites on the capture surface.  As a result, a competitive assay can be more 
sensitive to low concentrations of analyte than other types of immunoassay.  Within the 
category of competitive immunoassays, an assay can be classified as either an immobilized 
antibody or an immobilized antigen assay. 
In the case of a competitive immobilized antibody assay, an antibody is immobilized 
on a solid phase creating a capture substrate.  After appropriate blocking steps, a mixture 
containing a known concentration of labeled analyte (positive control) and the target analyte 
is exposed to the immobilized antibody.  The two analytes (labeled and unlabeled) compete 
for binding sites on the capture antibody, and the resulting signal can then be related to the 
concentration of the target analyte.   
In the immobilized antigen case, purified analyte is coated on the immobilization 
surface.  Then, a solution containing labeled antibody and analyte is exposed to the surface.  
The immobilized analyte competes with the free analyte in solution for the labeled antibody.  
Upon termination of the reaction (through washing of the immobilization surface), the label 
remaining on the surface can be read and related to the concentration of analyte contained in 
the unknown antibody solution.   
Noncompetitive immunoassays, in general, are assays in which the concentration of 
analyte is directly proportional to the signal from the label.  Much like in the competitive 
assay scheme, several types of noncompetitive assays exist.  Generally, the analyte in the 
noncompetitive assay is detected directly without competition for binding sites with a second 
moiety.  However, interferents must be accounted for, as with any immunoassay.  Ultimately, 
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with these types of analyses, the limiting factor is the specificity of the antibodies and the 
ability to prevent nonspecific adsorption of both target analyte and label to the capture 
surface. 
In the two-site or sandwich immunoassay, a capture surface is prepared, often 
consisting of an antibody selective for the target analyte.  The surface is then blocked 
appropriately and exposed to the sample solution.  After sample incubation, a secondary, 
labeled antibody is exposed to the antigen already bound to the capture surface.  The degree 
of binding of the labeling antibody, probed via one of several mechanisms (see below), is 
directly proportional to the initial solution concentration of analyte.  In a minor alteration, the 
labeling antibody and the analyte solution may be exposed to the capture surface 
simultaneously.  This method is faster than the first, two-step method; however, it may result 
in a lower level of sensitivity.  This decrease in sensitivity is often attributed to the labeling 
antibody sterically interfering with the ability of the target to bind to the capture surface.   
In a manner similar to that used for sandwich assays, noncompetitive assays for the 
quantification and speciation of antibodies have been developed.  This scheme is similar to 
that used in the sandwich type assay, though the capture surface is coated with purified 
antigen (ANTcap).  Then a dilute solution of target antibody (Abunk) is exposed to ANTcap.  A 
second, labeled antibody (Ablabel), specific to Abunk, is exposed to the reacted substrate.  After 
rinsing, the signal from the label is read and used to quantify the target antibody. 
The case of antigens immobilized on a solid phase, or Western Blot assays, differs 
from the previous noncompetitive assays in its initial preparation steps.  In these steps, the 
target analyte, generally a protein, is separated from the bulk solution via gel electrophoresis, 
and transferred to a nitrocellulose membrane by electroelution.  Following electroelution, the 
membrane is incubated in an appropriate blocking solution, and an antigen-specific antibody 
added.  To increase specificity of this type of analysis, detection is often achieved through 
binding of a second, labeled, antibody specific to the first.  In this way, the location of the 
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signal, and its magnitude, allows determination of the identity and the quantity of target 
analyte, respectively.    
Probing analyte concentration in immunoassays is accomplished through a number of 
labeling and readout strategies.  These generally involve some type of label bound to the 
antigen and read out using appropriate signal transduction techniques.  The research 
involving immunoassays contained in this dissertation, for example, uses streptavidin coated 
magnetic particles bound to biotinylated antibodies.  The signal is then read out magnetically 
using the GMR sensor as a signal transduction method, converting the signal (magnetic field 
near the particle) to a voltage measurement.  Several common label categories, their analysis 
methods, and some advantages and disadvantages of each are summarized in Table 2.  
Further information can be found elsewhere.58  
GMR Applications in Immunoassay 
GMRs have been successfully applied as a readout tool in immunoassays, drawing on the 
inherent characteristics of speed, sensitivity, robustness, and portability.  The addition of 
labeling techniques which use commercially available magnetic particles (MPs) as generic 
labels makes the GMR sensor an attractive method for performing bioanalyses.   Most of 
these experiments have used a noncompetitive sandwich assay, yielding a dose-response 
curve proportional to the concentration of antigen in solution.  Reviews of microscale assays 
as well as specifically magnetic immunoassays have been recently written.59  
Early work in the GMR immunoassay arena was performed by the Naval Research 
Laboratory, leading to the development of the bead array counter (BARC).25, 44  The BARC 
biosensor utilized detection of magnetic particles bound to analytes located directly above the 
GMR sensor and having magnetic moments perpendicular to the sensor plane.  It has been 
used to successfully monitor biological warfare agents and has demonstrated detection of a 
single magnetic particle.42    
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Table 2:  Labels and readout methods for immunoassays 
Label Category Readout Method Advantages (+) and Disadvantages (-) 
(+) high sensitivity 
(-) disposal 
(-) health issues Radioactive isotope
60 β particle counting γ-ray detection 
(-) permits required 
(+) safe 
(+) sensitive Fluorescence61, 62 Fluorescent emission 
(-) photobleaching 
(+)works in visible range 
(-) low quantum yield (but 
still useful) 
Luminescence63-66 
(chemi and biological) Luminometery 
 
(+) sensitive 
(+) amenable to 
multiplexing Raman active dyes
67, 68 Raman spectroscopy 
(-) photobleaching 
(+) no label required 
(-) specificity Direct readout69-73 nanoscale microscopya 
(-) speed (AFM) 
a) e.g. atomic force microscopy (AFM), scanning tunneling microscopy (STM), or 
scanning electron microscopy (SEM). 
 
This work has been expanded upon by several groups including our own, in which 
detection schemes were developed where the excitation field is parallel to the sensor.40, 74-76  
Through these modifications, the limit of detection (LOD) observed for IgG proteins was 
demonstrated below 13 pM in a scheme whereby the target analyte was bound directly to the 
GMR sensor surface.40  Our group has also utilized magnetic sorting77 and monitoring51 for 
detection of simulated analytes in flow, creating a “GMR flow cytometer” which was capable 
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of detecting plugs of ferrofluid and from these detections determine a number of parameters 
such as plug velocity, size, and magnetic footprint. 
Increased sensor density and detection speed in multilayer measurements have been 
investigated by several groups, though these have focused primarily on increasing the rate at 
which data can be acquired and analyzed, as well as the sensitivity of the system.41, 45  
de Boer and coworkers demonstrated one potential method for improving limits of detection 
in GMR analysis, utilizing signal modulation, leading to a predicted LOD of three, 300-nm 
diameter particles on a sensing surface having a total area of 1500 µm3 in 
approximately 1 s.45 
Other types of magnetic detection have been developed in immunoassays utilizing 
traditional detection methods such as Hall probes.  Aytur and coworkers have developed an 
array of micron sized Hall sensors, fabricated using standard semiconductor manufacturing 
techniques, wherein 1024 sensors were fabricated, coated with a thin film of gold, and placed 
at the bottom of a 150-µL well.78  They applied standard enzyme-linked immunosorbent 
assay (ELISA) techniques to the detection of dengue virus.  They detect a 1 ng/mL solution 
of 4.1-µm diameter, 15% magnetite beads.  Additionally, they compare results between 
assays read out using optical methods (ELISA) and read out via Hall sensors.  The two 
methods correlate well, though no limit of detection is presented for dengue virus detection 
by Hall sensor. 
Kulyandskaya and Levit have developed a sensing method which utilizes giant 
magnetoimpedance and is capable of detecting 4.5-µm magnetic particle at concentrations of 
4 × 105 beads/mL.  They focused primarily on development of the system rather than low 
limits of detection or application to immunoassay development, and as such cannot be 
directly compared to GMR detection of analytes.79 
Finally, detection of magnetic particles using a ring shaped magnetic anisotropy 
sensor has been shown by Miller and coworkers.80  In this scheme, they demonstrate the 
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detection of a single 4.3 nm NiFe particle, bound to an atomic force microscope cantilever.  
While this method has potential as a biosensing technique, much work remains to fully 
develop it.   
This dissertation builds upon bioanalyte detection via magnetic sensing schemes.  
Generally speaking, a novel method for rapid detection using GMR sensors for signal 
transduction is explored.  This work expands on the previous research by developing a new 
platform for performing immunoassays, detection of multiple analytes simultaneously, as 
well as signal analysis techniques which are utilized for quantitation. 
DISSERTATION OVERVIEW 
The main portion of this dissertation is divided into three chapters, each presented as 
a separate manuscript.  In Chapter 2, the development of a GMR test station and a novel 
method of analysis wherein samples prepared on a disposable sample stick - rather than 
directly on the surface of the GMR sensor - are explored. This change from the traditional 
analysis method allows repeated use of the GMR sensor while creating an easily modifiable 
substrate for performing immunoassays.  The results from these experiments center upon the 
theoretical and actual response of a GMR sensor to samples containing known quantities of 
magnetic material.  A full description of the development of a signal analysis method is 
given, using the aforementioned sample sticks, serving to validate the response of the GMR 
to differing quantities of magnetic material and thus, magnetically labeled analyte.  
Additionally, a method of signal normalization is introduced that accounts for the 
dependence of GMR signal on the separation between the sample stick and sensor through 
the use of internal references on the sample stick.  In addition to its ability to account for 
separation effects, the internal references internally calibrate the system with each sample 
stick analysis.   
Chapter 3 expands upon the ideas presented in Chapter 2 by applying the signal 
acquisition and analysis methods described in Chapter 2 to detection of one simulated and 
 17
two actual food-borne pathogens.  The results of analyses for three different analytes 
determined via GMR are presented individually, and then the first attempt at simultaneous 
detection of ovalbumin, Escherichia coli O157:H7, and Salmonella enterica serotype 
typhimurium by GMR is given.  Detection limits, sensitivity, and dynamic range discussions 
are presented for each analyte individually, as well as within the multiplexed format. 
Chapter 4 explores an alternate method for analysis of the GMR signal.  First, 
simulated signals are generated and examined via the method developed in Chapter 2, and a 
signal integration method is developed.  Due to the inherent averaging of the noise in an 
integrated measurement, this analysis method gives results which predict a full order of 
magnitude improvement in limit of detection.  Sample sticks, similar to those used in Chapter 
2, are then interrogated via GMR, their signals analyzed by both methods, and the actual 
improvement in signal determined.  In performing these measurements, it was found that a 
factor of six improvement in limit of detection can be realized through signal integration with 
no modification to the experimental method for immunoassay determination. 
Chapter 5 completes the main portion of the work with a general perspective on the 
results presented, as well as an overview of some future work which may be performed in 
this field.   
Finally, this work concludes with an appendix discussing efforts toward development 
of a colorimetric-solid phase extraction (C-SPE) analysis for determination of pH in potable 
water supplies on the International Space Station and the Shuttle.  The method develops pH 
determination in alkaline solutions and addresses the specific challenges associated with 
working in the restrictive environment encountered in space travel.  A discussion of the 
theoretical basis for the method, as well as its application to pH determination is given.  The 
specific details of this field of research are discussed separately from the main introduction, 
within the appendix itself. 
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ABSTRACT 
This paper describes efforts aimed at setting the stage for the application of giant 
magnetoresistance sensor (GMR) networks as readers for quantification of biolytes 
selectively captured and then labeled with superparamagnetic particles on a scanned chip-
scale array.  The novelty and long range goal of this research draws from the potential 
development of a card-swipe instrument by which an array of micrometer-sized, 
magnetically tagged addresses (i.e., a sample stick) can be interrogated in a manner 
analogous to a credit card reader.  The work herein moves towards this goal by the 
construction and testing of a first generation instrument that uses a GMR sensor network to 
read the response of a "simulated" sample stick, which is composed of thin (20 nm) films of 
permalloy deposited on glass in varied micron-level sizes.  Experiments were therefore 
carried out to gain a fundamental understanding of the dependence of the GMR response on 
the separation between and planarity of the scanned sample stick and sensor.  Results showed 
that the complex interplay between these experimentally controllable variables strongly 
affect the shape and magnitude of the observed signal, and, therefore, the limit of detection.  
This study also assessed the merits of using on-sample standards as internal references as a 
facile means to account for small variations in the gap between the sample stick and sensor.  
These findings were then analyzed to determine various analytical figures (e.g., limit of 
detection in terms of the amount of magnetizable material on each address) for this readout 
modality.  An in-depth description of the first generation test equipment is presented, along 
with a brief discussion of the potential widespread applicability of the concept. 
INTRODUCTION 
Magnetoresistance is defined as the change in the resistance of a material in response 
to an externally applied magnetic field (HAPP).  All conductors show a small level of 
magnetoresistance, but normally not more than 1%.  However, as discovered in 1988, 1-3 
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some multilayer systems exhibit a change in resistance of up to 80%.4  This phenomenon is 
based upon the quantum mechanical exchange coupling between nanometrically thin layers 
of magnetic materials that are separated by comparably thin layers of nonmagnetic 
materials,5 and is known as giant magnetoresistance.  With these materials, an increase in 
HAPP induces a decrease in resistance.  Since 1988, sensors based on giant magnetoresistance 
(i.e., giant magnetoresistive sensors or GMRs) have become one of the most heavily used 
tools for the detection of magnetic fields.  While almost universally employed as compact, 
high-density, and high-speed read heads in computer hard drives,6 GMRs have also found 
specialty application in several other areas,4, 7, 8 including anti-lock brakes,9 magnetic 
imaging,10 and galvanic isolators.11 
Several laboratories have begun to transition GMRs from the data storage domain to 
that of the bioanalytical sciences.12-17  The goal is to create miniaturized devices based on 
magnetic labeling concepts by taking advantage of the sensitivity, speed, and small size of 
GMRs, which can read an 80-nm sized magnetic bit at 300 Mb/s and have a footprint of a 
few hundred micrometers or less.18  Research along these lines has investigated the detection 
of DNA hybridization19 and streptavadin-biotin binding.12, 20 Our laboratory has also been 
exploring the use of GMRs, focusing on chip-scale applications in both flow detection21, 22 
and in immunosorbent assays.16 The former examined the potential for GMRs to enumerate 
flowing magnetic nanoparticles in a microfluidics system; the latter delineated the feasibility 
of carrying out assays by integrating immobilized protein motifs, antigens labeled with 
magnetic nanoparticles, and GMR detection. 
The work detailed in this and the accompanying paper23 continue our investigation on 
the use of GMRs as a readout modality in immunosorbent and other assays; it, however, 
takes a much different tactic.  Our earlier study immobilized the capture antibodies directly 
on the surface of the GMR platform.16  That approach, while furthering the merits of GMRs 
as detectors in bioassays, was nonetheless limited to a single use format.  To address this 
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issue, the efforts described herein transfer the capture substrate to a multi-address sample 
stick that is readily and reproducibly read by scanning it in close, but non-contact, proximity 
to the GMR network. 
This innovation extends the aforementioned attributes of GMRs as chip-scale sensors 
in two notable ways.  First, it moves GMRs from a single use format to one in which the 
same GMR network can be employed repeatedly to read a large array of addresses on a 
scanned sample stick. The range of analytes is therefore potentially limited only by the 
availability of analyte capture and labeling strategies. Second, and of comparable importance, 
this concept provides a pathway to incorporate thin films of magnetic materials as reference 
addresses on the sample stick (i.e., on-stick internal references).  As will be shown, magnetic 
reference addresses can not only be used as standards to internally calibrate the responses of 
the sample addresses, but also as a means to effectively compensate for small variations in 
the gap between the sample stick and GMR when scanning an individual sample stick. 
This paper and the companion23 that follows describe the results from the first step in 
our assessment of the ability of GMRs to quantitatively detect the magnetic signature that 
originates from scanning a sample-stick.  This strategy parallels the methods employed by 
the induction coil readers for the magnetic strips on credit cards and the GMRs utilized in 
hard drives.  The sections herein evaluate the merits of this strategy, beginning with a 
description of our first generation instrumentation for the non-contact scanning of a sample 
stick and the measurement of the concomitant GMR response.  A non-contact detection 
method is necessary owing to the high sensitivity of GMRs to contact pressure.24  Moreover, 
the strong dependence of the GMR response to small variations in the sample-GMR 
separation25, 26 dictates the creation of a facile means to both control and minimize this 
separation.  Subsequent sections then present magnetic field simulations that provide a 
theoretical basis for interpretation of the observed GMR response, followed by an approach 
to the collection and analysis of data that is obtained using the on-stick internal reference.  
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These sections interweave straightforward data treatment methods that can be used to 
quantify the response of the sample addresses and to account for variations in signal due to 
small changes in the GMR-sample stick separation; both exploit the ability to normalize the 
response of a sample address to those of the on-stick reference addresses.  The last sections 
examine various analytical figures of merit (e.g., limit of detection in terms of the amount of 
magnetizable material on each address) of this concept as part of a discussion of its potential 
range and scope.  The companion paper23 builds on this framework by employing the 
specificity of biotin-streptavadin binding and magnetic particle labels as a mimic for 
assessing performance in a bioassay. 
EXPERIMENTAL 
GMR Sensor Design.  The integrated sensor consists of four GMRs, deposited in a 
serpentine pattern and wired together as a Wheatstone bridge.  As shown in Figure 1, the two 
interdigitated GMRs serve as sense resistors (RS1 and RS2) and the two spatially separated 
GMRs act as reference resistors (RR1 and RR2).  Each strip is 2-µm wide, separated from its 
neighbor by 2 µm, and has a total length of over 11 mm.  The edges of the sense and 
reference GMRs are separated by 30 µm.  The sensing GMRs are coated with a thin film of 
silicon nitride to planarize the active surface and protect it from sample contact. 
The layout and electrical wiring of the GMRs serve three purposes.  First, the 
serpentine footprint maximizes the sensitivity of each GMR to a change in HAPP when HAPP 
parallels the long axis of the GMR strips.  Second, the integrated footprint of RS1 and RS2 
creates a “sense pad.”  This sense pad detects the changing magnetic field that results from 
scanning a sample-stick (Figure 1a). The area of the sense pad is 200 x 200 µm (Figure 1c).  
Third, the proximal positioning of the two reference GMRs with respect to the two sense 
GMRs, when coupled as a Wheatstone bridge, provides a means to effectively compensate 
for fluctuations associated with the sensitivity of GMRs to temperature and stray magnetic 
fields.13, 27 
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This layout has one more outcome.  It leads, as detailed previously,16 to an imbalance 
in the bridge in that the resistances of the two sense GMRs differ from the two reference 
GMRs.  This situation originates from the interdigitated pattern of the two sense GMRs.  
Interdigitation results in a difference in the ability of the two sense GMRs to dissipate any 
Joule heating with respect to that of the more spatially isolated reference GMRs.  
Interdigitization may also cause an overlap of magnetic fields that develop at RS1 and RS2 
because of the flow of the source current (ISRC).  As a consequence, the resistances of the two 
sense GMRs are matched, as are the two reference GMRs; however, the resistances of the 
sense GMRs differ from those of the reference GMRs.  While only leading to a small offset 
in the resistances of the two sets of GMRs (<0.1%),16 this inequity has a notable impact on 
the formulization of the observed response (see below). 
The layer-by-layer construction of these GMRs has been detailed.13, 28  Briefly, the 
GMR stack (NVE Corp.) is prepared by standard microfabrication processes on a silicon 
nitride coated silicon wafer.  The stack consists of: 1) 4.0 nm Ta; 2) 4.0 nm NiFeCo; 3) [1.5 
nm CoFe, 1.6 nm CuAgAu; 1.5 nm CoFe, 2.0 nm NiFeCo]3; 4) 2.0 nm NiFeCo; and 5) 3.0 
nm Ta.  The top of the stack is protected by 20 nm of TaN, 10 nm of CrSi, and ~250 nm of 
silicon nitride.  The alloy compositions (atomic percent) in the stack are:  NiFeCo (65/15/20), 
CoFe (95/5), and CuAgAu (69/27/4).  This architecture results in GMRs that, prior to the 
onset of saturation (~450 Oe),16 exhibit a large region in which there is a linear dependence 
of resistance on HAPP.28 
Magnetics Test Station. A magnetics test station was constructed by modification of a 
Micromanipulator model 6000 probe station (Micromanipulator Corp).  These modifications 
included an adaptor for mounting a custom-built circuit board, which connected the GMR 
sensor to the external control and readout circuitry, and attachment of two custom-built coils 
(Nicollet Technologies Corp), which were positioned on either side of the GMR sensor to 
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serve as the source for HAPP.  Details of the modified probe station are presented in Figure 2, 
and include the wiring schematic and the sample-mounting platform. 
The GMR network was energized and interrogated by a four-point probe, which 
provides a constant ISRC (1.000 ± 0.001 mA) and measures the voltage drop across the other 
two points of the bridge (E1-E2).  A Keithley model 220 current source supplied ISRC and a 
Keithley model 2182 nanovoltmeter monitored E1-E2.  A Kepco 20-20M bipolar power 
supply powered the coils, which apply can uniform fields (HAPP) of up to 550 Oe across the 
GMR platform; typically, 150 Oe was used for sample interrogation.  The uniformity of HAPP 
in the region spanned in a scan by the sensor (~1.5 cm), was determined to vary from 150.4 
to 151.8 Oe, as measured by a Hall Probe.  The test station was controlled and monitored by 
a PC via a GPIB interface board (National Instruments) and a program written in-house 
(LabWindows/CVI). 
The probe station was fitted with an Oriel 360º rotating stage.  This manually 
operated stage, which has a resolution of 2.0 ± 0.1 × 10-3 degrees per step, provided a means 
to carefully manipulate the tilt of the sample-stick about the y-axis of the GMR sensor 
(Figure 1a).  This adaptation was used to adjust the sample-stick until it was parallel to the x-
y plane of the GMR sensor.  One complete rotation of the x- or y-control resulted in the linear 
displacement of the GMR by 700 µm.  The z-axis control has a resolution of 
100 µm/rotation.  However, the uncertainty in the observing the exact point at which the 
GMR and sample stick break contact limits the accuracy in a determination of the separation 
to ±10 µm. 
Sample-Stick Preparation.  The sample-sticks consisted of 20-nm thick addresses of 
permalloy (Ni:Fe at an 80:20% atomic ratio, with a thickness uncertainty of ±1 nm) films 
sandwiched above a 40-nm film of Ta and below a 200-nm film of Ta.  This sandwich was 
formed via a sputter deposition system on a 0.5-mm thick, sputter-cleaned, Pyrex wafer 
(University Wafer) that was polished on both sides.  The top Ta layer acted both as a 
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passivating layer against permalloy oxidation and as a mechanically protective barrier to 
prevent damage to the permalloy film during handling.  The bottom layer served primarily as 
an adhesion layer between the permalloy and glass substrate. 
Following sandwich deposition, the samples were patterned using standard 
photolithographic techniques by first coating the entire wafer surface with AZ 4330 
photoresist (Clariant).  After patterning and development of the photoresist, the sandwich 
materials were removed from the unprotected areas by ion milling.  After patterning, the 
remaining photoresist was stripped by sonication in an acetone bath and a subsequent ethanol 
rinse.  Finally, the wafer was diced into rectangular 20 x 3-mm sticks (American Dicing) to 
form sample-sticks of a size that was easily positioned and scanned across the GMR sense 
pad. 
Two types of sample-sticks were constructed for our proof-of-concept experiments:  
sample-stick I and sample-stick II. The former has a working length of 17.2 mm, whereas 
that for the latter is 10.0 mm.  Figures 3a and 3b specify the layout of sample-stick I, which 
was designed to investigate the ability of the GMR network to resolve the signal that 
originates from an individual address with respect to those of its nearest neighbors. Sample-
stick I has fourteen 200-µm square permalloy addresses, each with a thickness of 20 nm.  The 
spacing between the addresses varied over the length of the sample-stick in that the distance 
between addresses 1-2, 6-7, 8-9, and 13-14 is 500 µm.  However, the separation between 
addresses 7 and 8 is 1000 µm, and the spacing between the remaining addresses is 300 µm. 
Figures 3c and 3d detail the footprint of sample-stick II, which was designed to 
investigate the signal dependence on the amount and aspect ratio of magnetic material.  In 
this case, each address has a permalloy thickness of 20 nm and a length of 200 µm; however, 
the width varies from 200 µm (address A) to 25 µm (address H), with each consecutive 
address 25 µm narrower than the previous address.  This pattern of widths is then reversed on 
the right half of the sample stick (address H to address A’).  All addresses on this sample-
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stick are separated by 500 µm.  The lateral dimensions of the addresses were verified by 
comparison to microscope calibration standards and were judged to be accurate to ±1.0 µm. 
Sample Positioning and Scanning.  The first step in aligning a sample-stick and controlling 
its separation from the sensor in the z-axis was to bring the sample and sensor into light 
contact and then separate the two by a preselected distance.  Unless otherwise noted and as 
will be detailed later, most of the experiments were carried out at a separation of 
50 (±10) µm. 
As a result of the comparatively long translation distances of the GMR while 
scanning (up to 1 cm), it is critical that the separation between the sample-stick and sense pad 
be maintained over the course of each scan.  Accordingly, the tilt of the sample, which is 
manipulated by rotation about its y-axis, is finely adjusted by comparing the response for the 
identical reference addresses positioned on opposite ends of the sample-stick (i.e., addresses 
1 and 14 on sample stick I and addresses A and A’ on sample stick II).  This process is 
repeated until the difference in signal from the two reference addresses is reduced to ~60 µV, 
which is about twice the peak-to-peak noise of the output signal. 
Magnetic Simulations.  The method for quantifying the GMR response was developed, in 
part, by modeling the resultant magnetic field of a two dimensional magnetic address (Hadd) 
when placed in a uniform magnetic field (FemLab, v. 3.0).  The two-dimensional model 
consisted of a rectangle of magnetic material (infinitely thin in the y-axis of the x-y plane 
defined in Figure 2), having a fixed length of 200 µm along the x-direction, but a thickness 
that was varied in the z-direction (Figure 1a) from 100 to 500 nm 50-nm increments.  The 
address was assigned a relative permittivity of 2.0 and the surrounding medium a value of 
1.0, which mimics a ferromagnetic material in air.  The address was then placed in a uniform 
field (150.0 Oe), which was aligned along the long axis (i.e., x-axis) of the address.  The 
results of these simulations were used to map the profile of the x-component of the external 
magnetic field 50-µm below the center line of each simulated magnetic address.  These 
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simulations are based on the fact that:  (1) our GMRs have their highest sensitivity when 
HAPP is aligned along the long axis of the GMR strips (x-axis; Figure 1); and (2) most of the 
experimental trials were carried out at a sample-GMR separation of 50 µm. 
RESULTS AND DISCUSSION 
Formulization of GMR Response   
GMRs in a Wheatstone Bridge.  The response of the GMR sensor can be quantified in 
terms of the voltage difference across the two legs of the Wheatstone bridge, E1-E2 
(Figure 1), and how this difference is affected by superposition of the magnetic field of each 
address (Hadd) on the x-component of HAPP at RS1 and RS2.  At fixed values of ISRC  and HAPP, 
the observed voltage across the GMR-based Wheatstone bridge in Figure 1 can be written as: 
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As detailed earlier, however, the bridge is imbalanced such that:  RS1=RS2; RR1=RR2; 
and RS1≠RR1.  Equation 1 therefore reduces to: 
[ ]SRSRC RRIEE −=− 221  (2)  
where RR represents RR1 and RR2 and RS is equivalent to RS1 and RS2.    
The next step defines the response of the bridge prior to the detectable superposition 
of Hadd on HAPP at the sense pad.  It assumes, as will be experimentally verified in a later 
section, that only the sense GMRs will be in close enough proximity to the sample-stick to be 
affected by Hadd.  Thus, by assigning the respective values of E1-E2 before and after the 
detection of an address as Ebaseline and Esample, the following two expressions can be 
formulated via Equation 2.   
[ ]sampleRSRCsample RRIE −= 2  (3) 
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and 
[ ]baselineRSRCbaseline RRIE −= 2 , (4) 
where Rsample equals RS when the sense pad detects Hadd and Rbaseline is the value of RS in the 
absence of a detectable Hadd.  By subtracting Equation 4 from Equation 3 and setting 
Esample-Ebaseline equal to ∆E, we can then write 
[ ]samplebaselineSRC RRIE −=∆ 2  (5) 
Equation 5 shows that ∆E will increase (i.e., become more positively valued) when Hadd adds 
constructively with HAPP, and will decrease (i.e., become more negatively valued) when Hadd 
destructively superimposes on HAPP. 
GMR Response to Scanned Magnetic Address.  Figure 4 presents the results from both 
simulations and experimental measurements that provide insights into the expected response 
of the GMR for scans of a magnetic address on our sample-stick.  The simulations include 
two underlying assumptions:  (1) each address is magnetized to the same degree by the 
Helmholtz coils from scan to scan; and (2) the lateral edges of an address (i.e., those parallel 
to the scan direction) have no observable effect on the GMR response.  The first assumption 
reflects the fact that each address on a sample stick is exposed to a magnetic field of 150 Oe 
during GMR readout.  An external field of 150 Oe should be sufficient for the in-plane 
saturation of each address,25 and the experimental observations below are consistent with this 
claim.  The second assumption is, however, strictly valid only for addresses that are much 
wider or significantly narrower than the GMR sense pad.  When the width of the address is 
similar to that of the GMR, the fringe field of the sample will not be fully mapped onto the 
region sensed by the GMR. 
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The profiles in Figure 4a represent normalized values of the x-component of Hadd, 
Hadd,x, that is located 50 µm directly below the simulated ferromagnetic material.  The 
rectangular demarcation highlights location of the simulated sample relative to the x-axis.  
The simulated signals were normalized by first calculating the total magnitude of the x-
component of the magnetic field for the 500-nm thick sample 
(Hobs,500 = Hmaxobs,500 -Hminobs,500) and then dividing the magnitude of each sample by this 
value (Hobs,x,norm = Hobs,x/Hobs,500). 
As is evident, Hadd,x has a bimodal shape, with an amplitude that increases with film 
thickness.  When approaching either side of the address, Hadd,x undergoes a clear increase.  
Upon passing under the leading (or trailing) edges of the address, a reversal in amplitude is 
observed.  Within ~50 µm after eclipsing either edge of the address, Hadd,x reaches a close-to-
constant negative limit that is one to four times larger in absolute magnitude than the positive 
limit of the profile.  In general, the ratio of (Ebaseline-Emin)/(Emax-Ebaseline) is greater for larger 
samples at all sample-sensor separations, though the relationship becomes less pronounced at 
larger separations.  Investigation of the cause for this phenomenon continues.  The task, then, 
is to determine how to analyze this profile in order to accurately and precisely quantify the 
response. 
The superposition of Hadd,x on HAPP, combined with the expected decrease of the 
GMR resistance as the resultant magnetic field increases,29 indicates that the resistances of 
the two sense GMRs will change as the inverse of the profile for HAPP,x.  Equation 5 shows, 
however, that the layout and wiring of the GMR network as a Wheatstone bridge inverts the 
response with respect to expectations from the superposition of the two fields.  Taken 
together, the bridge output will follow the profiles in Figure 4a. 
Figure 4b verifies the expectation of the analysis of the response profile.  It presents 
the experimental output (E1-E2) of the GMR bridge from the scan of a permalloy address 
(200 × 200 × 0.020 µm) with a gap between the sensor and address of 50 µm.  The response 
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structurally replicates the profiles in Figure 4a, confirming that the superposition of Hadd,x on 
HAPP can be tracked via Equation 5. 
In addition to insights into the shape of the response, these simulations provide a 
means to devise a quantitative treatment of the magnitude of the signal with respect to the 
amount of magnetic material at an address.  Since the flux at an address is directly 
proportional to the amount of ferromagnetic material present,30 the magnitude of the profiles 
in Figure 4a will be directly proportional to sample thickness.  We therefore expect that the 
GMR response should be quantitatively represented by a plot of Hobs,x,norm against sample 
thickness.31  This treatment is accomplished via Equation 5 by taking the difference between 
the average of the two maxima and the baseline to yield ∆Emax, which is then added to the 
difference between the signal minimum and the baseline to define ∆Emin.  This approach 
gives 
[ ]minmaxminmax 2][2 RR
I
RR
I
EE baselineSRCbaselineSRC −+−=∆+∆  (6) 
where Rmax and Rmin correspond to Rsample as defined by Equation 3 for ∆Εmax and ∆Εmin, 
respectively.  Upon simplification and recasting ∆Emax + ∆Emin as ∆Eobs, Equation 6 reduces 
to 
[ ]minmax2 RR
IE SRCobs −=∆ . (7) 
Figure 4c shows the predicted change in the overall magnetic field (simulating ∆Eobs) as a 
function of the thickness of the modeled magnetic address, giving a predicted response of the 
GMR sensor to samples containing varied amounts of magnetic material.  Based upon these 
simulations, a linear relationship between volume of permalloy and GMR response was 
predicted, and will be explored in the following sections.  
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GMR Measurements.  As conceptualized in Figure 1c, measurements were made by passing 
the GMR reader beneath a sample-stick in a trace-retrace mode.  This process was typically 
repeated at least once, giving a minimum of four measurements for each of the different sized 
addresses on the sample stick. 
For these experiments, an HAPP of 150 Oe was selected after characterization of the 
sensitivity and output noise of the GMR network.  With the setup in Figure 2, HAPP could be 
consistently sustained at 150 ± 0.1 Oe for more than 1 h.  However, the field varied between 
149.4 and 150.3 Oe with the movement of the GMR sensor between the ends of the sample 
stick.  This difference in HAPP can give rise to a slight, but easily observable (see below), 
shift in the baseline of a few tenths of millivolts. 
Impact of GMR-Sample Separation and Alignment   
This section maps out the sensitivity of the response with respect to sample-sensor separation 
and alignment, drawing on our earlier theoretical work26 which showed that the signal as a 
function of the separation (r) between a single magnetic particle and a comparably-sized 
GMR is proportional to r-3. 
Effect of Sample Tilt.  The first set of experiments investigated the ability to adjust for 
misalignment from sample tilt by comparison of the responses for the addresses located at 
opposite ends of sample-stick I (i.e., addresses 1 and 14).  Note that all the addresses on 
sample-stick I are effectively identical (200 x 200 x 0.020 µm of permalloy), and should 
therefore have the same magnetic footprint when scanned.  Figure 5a shows a response from 
a scan of sample-stick I when mounted in the sample holder without prior adjustment of 
sample tilt.  The magnitude of the response spans 5-7 mV.  Furthermore, the response 
undergoes a gradual decrease as the scan proceeds from address 1 to address 14.  We 
attribute this decay primarily to a small but significant misalignment of the GMR with 
respect to the sample stick, resulting in an increase in the separation between the sample stick 
and GMR over the course of the scan. 
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A closer inspection of the response reveals two other important aspects of the 
measurement, both of which are artifacts of our experimental design.  First, there is a small 
offset (~0.2 mV) in the baseline at the onset and completion of the scan.  The offset, 
however, should not originate from a difference in the separation between the sample-stick 
and GMR because the physical position of the addresses at opposite ends of the sample-stick 
are positioned be such that the fields from these addresses are not detected by the GMR 
network before or after completion of a scan.  To verify this hypothesis, we scanned a 
“blank” sample stick, constructed by patterning gold addresses (200 × 200 × 0.008 µm) 
coated onto a 4-nm Ti adhesion layer in a layout which matched that of sample-stick I.  Scans 
of the blank stick showed a shift in the baseline of ~0.2 mV.  We therefore attribute the small 
movement in the baseline to the small change in HAPP that, as detailed in the Experimental 
Section, results from a displacement of the GMR reader of 7-8 µm from the beginning to the 
end of a scan. 
The second artifact arises from the close proximity of the neighboring addresses on 
the sample-stick.  Note that the amplitude of the negative portion of the response exhibits a 
gradual decrease over the course of the scan, but that for the positive portion of the profile is 
more complicated.  The latter variation can be qualitatively understood by considerations of 
the potential overlap of the magnetic fields between neighboring addresses.  Thus, the field at 
the edge of an address will be more strongly affected by the field of the adjacent address than 
will the fields under an address.  This interpretation is supported by preliminary simulations. 
Importantly, the difference in ∆Eobs for address 1 and address 14, as summarized in 
Table 1, is 1.2 mV.  Upon careful adjustment of the sample tilt by using the rotating sample 
stage and the iterative procedure described in the Experimental Section, the observed 
difference in the two addresses can be markedly reduced.  This improvement is evident in 
Figure 5b, which has a difference in the responses from the opposing addresses of 60 µV.  
With this procedure, differences in the responses of the two addresses of 60-70 µV are easily 
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obtainable. A difference on the order of the peak-to-peak noise of the measurement (~30 µV) 
can also be achieved, but less frequently.  Based upon a determination of the effect of the 
separation on the GMR response (see below), a 60-µV difference in signal at a 50-µm gap 
corresponds to a difference in separation of ~1 µm over the length of an 8.4-mm sample-
stick. 
Effect of Sample-GMR separation.  The effect of the separation between a sample and 
GMR sensor is given in a portion of Figure 6 by using sample-stick II.  Figure 6a shows the 
result of a scan at a gap of 50 µm, and Figure 6b presents the response at a separation of 150 
µm.  Both scans undergo a progression in response consistent with the change in the footprint 
of the permalloy addresses.  That is, the largest signal is observed for the largest address (i.e., 
the address with the most magnetic material).  Again, the responses for each of the addresses 
are well above the noise of the measurement.  The two scans demonstrate that there is a 
marked decrease in both the fine structure and magnitude of the GMR response as the 
separation increases. These results also imply that bringing the sample into closer proximity 
of the sensor should improve the limit of detection significantly, and improve the signal 
resolution between neighboring addresses. 
Upon careful examination of the largest address present on the sample stick at varied 
separations, the resulting dependence of signal upon separation is in general agreement with 
previous predictions.  That is, the signal undergoes a rapid increase as r decreases, becoming 
particularly important at gaps less than ~125 µm.  The equation for a least squares fit of the 
largest sample on sample-stick (800 µm3) is ∆Eobs = 1.07 × 105r-3-4.82×103r-2+2.63r-1-0.74, 
where ∆Eobs is in millivolts and r is in micrometers.  It is noted that as r approaches infinity, a 
signal of -0.74 mV is expected.  This discrepancy is attributed to the uncertainty in the 
experimentally determined value of r at low values of r.  If the curve is fit to the data where r 
is varied from 125 to 300 µm, the offset is reduced to -0.35 mV, demonstrating the effect of 
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uncertainty when r is small.  Improvements in accurate position of the z-axis will lead to 
further reductions in the observed offset. 
Response of Reference GMRs.  To this point, we have assumed that the response (i.e., 
E1-E2) is due only to the perturbation of HAPP by the addresses of the sample-stick at the two 
sense GMRs and not the two reference GMRs.  To test the validity of this assumption, the 
two sense resistors were short circuited (i.e., RS in Equation 2 goes to zero), and a permalloy 
address (200 × 200 × 0.020 µm) was scanned across the sense pad.  There was no detectable 
change observed in the output of the GMR network in this experiment.  This finding 
confirms that the response of the GMR reader can be analyzed solely within the context of 
the sensitivity of the two sense GMRs in the presence of a scanned sample stick. 
Normalization for Gap Distance and Internal Calibration.  As a means to compensate for 
the dependence on separation, r, between an address and the GMR sensor and to internally 
calibrate the observed response for a sample address, a method was developed and tested to 
normalize the signal for each “sample” address.  By taking the ratio of the signal from 
sample address i (∆Eobs,i) to that from an on-sample reference address (∆Eobs,ref), the 
normalized response (∆EN,i) accounts for the sensitivity of the GMR sensor to separation 
distance.  The normalization method, then, is only valid if the separation between the sensor 
and the sample is similar to that between the sensor and the reference, and is reflected by 
placing a reference address in close proximity on each side of a sample address.  As 
demonstrated in the section on the effect of sample tilt, this can be adequately controlled.  
We can then write 
ref
iobs
iN E
E
E ∆
∆=∆ ,, . (8) 
However, through propagation of the error in ∆Eobs,i and ∆Eref, the measurement LOD will 
degrade by approximately a factor of two.  The effectiveness of this strategy was examined 
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by an analysis of the response obtained in scanning sample-stick II at varied distances (50, 
75, 100, 125, 150, 200, 250, and 300 µm) from the GMR.  These results are presented in 
Figure 7. 
Figure 7a plots ∆Eobs as a function of the volume of permalloy at each address.  
Because of the layout of this sample-stick and the duplication of the trace-retrace 
measurements, each point on the plot is the average of eight measurements. As is evident, 
∆Eobs increases as the address volume increases, but decreases as the sample-GMR separation 
increases.  The responses display a linear dependence at smaller sample volumes, but then 
begin to exhibit a negative deviation as the volume increases.  This deviation is attributed to: 
1) superposition of the fields between neighboring addresses; and/or 2) differences in 
mapping of the fringe field as the size of the address increases relative to that of the GMR.  
The fact that the response does not return to its baseline value between addresses (Figures 5 
and 6) supports the contribution of the first factor. 
Limit of Detection.  There are several approaches and comparisons that can be used as 
starting points for defining performance metrics of our magnetic reader concept.  An earlier 
section examined the analytical figures of merit for the impact of the separation between the 
address and sensor, r, on sensitivity.  This section examines performance based on limits of 
detection (LOD). 
The LOD as a function of sample-sensor separation can be determined for both the 
raw and normalized data in Figure 7.  The LOD was calculated for each r-value by using 
three times the standard deviation of the response for the smallest-sized address on sample-
stick II (address H, 100 µm3) and the slope of the linear region of the plot.  The analysis 
results are summarized in Table 2, which lists the separation between the sensor and sample-
stick, and the corresponding sensitivity and LOD.  This analysis clearly shows that the LOD 
degrades as r increases. 
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At the smallest separation examined (50 µm), the LOD was calculated to be ~15 µm3 
(~15 fL), using the normalized data set.  Based on the material density, this volume 
corresponds to ~1.4 ng of permalloy, or a single permalloy particle with a 3-µm diameter.  
For perspective, we can draw a comparison to more conventional detection modalities, like 
the quartz crystal microbalance (QCM).  By using the Sauerbrey equation32 and parameters 
found in commercially available quartz crystal microbalances33 (9 MHz crystal, 1 cm 
diameter, a noise level of 0.5 Hz), a mass limit of detection can be estimated.  This analysis 
yields a LOD of ~6 ng, demonstrating our readout tool is on par with respect to the 
performance of conventional QCM technology.  
Before concluding, it is worthwhile to briefly assess possible pathways to lower the 
LOD. Of the many possibilities, Figure 6c suggests one of the more fruitful approaches: 
reduction of the separation between the GMR sensor and sample.  For example, by 
decreasing the separation to 10 µm, which should be easily attainable using commercially 
available motion-control instrumentation, the LOD is roughly projected to improve an 
estimated one-hundred fold to ~150 aL (~14 pg) of permalloy, or a single 0.6-µm diameter 
permalloy particle. 
CONCLUSIONS 
This paper has shown GMR sensor networks can be applied to the quantitative 
readout scanned sample sticks coated with thin films of magnetic materials.  Results have 
also demonstrated that by careful alignment of the addressed sample stick relative to the 
sensor and by the use of magnetic addresses as internal standards, small differences in the 
gap between the sensor and sample stick can be accounted for by normalization of the sample 
signal with respect to the internal reference response.  With appropriate sample-sensor 
alignment, sensitive measurements of the amount of magnetic material can be made.  Using 
the system described herein, it is possible to detect a permalloy sample having a total volume 
of 15 µm3.  Through improvements of the analysis system as well as use of a smaller GMR 
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sensor, it is expected that the limit will be improved by a factor of ten.  Further 
improvements will require the use of lower noise electronic components and more 
sophisticated methods of signal analysis.   
Because of its inherently small size and use of magnetic fields which can be easily 
reached using a standard permanent magnet, this type of measurement shows promise as a 
quantifiable, field deployable biosensor when coupled with previously developed methods of 
biological labeling by magnetic particles.23 
Future studies of this method include patterning gold squares, which will alternate 
with magnetic standards on the sample-stick, thus allowing normalized measurements of real 
samples bound to these gold addresses to be carried out.  Additionally, the proximity of these 
standards to the sample will reduce the amount of tilt control necessary for the long 
translational distances used in these measurements.  Multiplexing of the GMR sensor to form 
a sensor array, when combined with improved GMR sensors, will also allow measurement of 
several samples simultaneously, thus potentially creating a sensitive, rapid, field deployable 
platform capable of detecting a variety of analytes.  Automation of the test station to allow 
movement of the GMR beneath the sample at a constant rate will allow integration of the 
signal with respect to time, which should further improve the limit of detection of the system. 
Second, readout using this method can potentially be fast.  Currently, as many as five 
separate samples can be read out in ~100 s.  Automation and improved electronics will 
shorten this time dramatically.  Through these means, a sample-stick having the same 
dimensions as the magnetic strip on a credit card and containing one on-stick standard 
address for each sample address could contain about 1900 addresses, with each address 
separated by 500 µm from its nearest neighbor.  As earlier work has demonstrated some of 
the difficulties with long term baseline drift,16 scanning at higher speeds may also reduce the 
long term drift in the baseline, potentially resulting in a further improvement in performance. 
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FIGURE CAPTIONS 
Figure 1:  a) Diagram of the Wheatstone bridge GMR sensor showing the connectivity of the 
wiring as well as the direction of the external magnetic field and the motion of the GMR 
relative to the sample.  ISRC is the source current,  RR1 and RR2 are the reference resistors 
(green), RS1 (blue) and RS2 (red) are the sense resistors, and E1 and E2 are the voltmeter 
connections.  The area in the center of the bridge in which RS1 and RS2 interleave, is the 
sensing pad, and has approximate dimensions of 200 x 200 µm.  Both the external field 
(HAPP) and the motion of the sample are along the x-axis.  b)  Electronic schematic of the 
Wheatstone bridge.  c) Photomicrograph of the GMR sense pad used in this publication 
showing the reference GMR traces (top and bottom) and the GMR sense pad (center). 
 
Figure 2:  Images and schematics of the GMR test station:  a) Schematic showing the test 
station connections; b) Photograph of the test station;  c) Photograph showing the area 
directly between the Helmholtz coils, which contains a Pyrex sample-stick mounted directly 
above a GMR sensor.   
 
Figure 3:  Schematics and photomicrographs showing the sample-sticks:  a)  Schematic of 
sample-stick I; b)  photomicrograph of (a); c) schematic of sample-stick II, used to determine 
the effects of separation on observed GMR response and normalization, and; d)  
Photomicrograph of (c).  The sample-sticks were moved across the sense pad in the x-
direction, after careful alignment to ensure that each address crossed the center of the sense 
pad. 
 
Figure 4:  (a) Normalized simulations of the x-component of the magnetic field (Hadd,x) for a 
200-µm long ferromagnetic address subjected to a 150-Oe field in the x-z plane;  simulated 
Hadd,x for three addresses are shown; (b) A representative GMR response to a 200 × 200 × 
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0.020 µm permalloy square as it was scanned by the GMR sensor; (c) The expected GMR 
signal, in arbitrary units, as a function of sample thickness for a simulated 200-µm long 
sample address. 
 
Figure 5:  a)  The response of the GMR to a standard which displays a slight tilt relative to 
the sensor.  b)  The response of the GMR sensor to the same standard after “leveling” using 
the rotating stage.  The two peaks used as guides to tilt adjustment (see Table 1) are denoted 
by 1 and 14 below. 
 
Figure 6:  a)  Response of the GMR to a typical sample, in this case the Pyrex platform 
diagrammed in Figure 3b.  The magnitude of each peak correlates to the volume of each 
permalloy pattern on the sample peak.  b)  The response of the GMR to the same sample 
moved 100 µm farther away from the sensor.  c) Plot showing the dependence of the GMR 
response on separation distance to a sample of known volume (800 µm3).  Based upon this 
plot, at a sample/sensor separation of ~50 µm, for an 800 µm3 sample, a change in separation 
of ten µm will result in a 180 µV change in signal, thus illustrating the  sensitivity of the 
sensor to samples at varied separation. 
 
Figure 7:  a) GMR response (∆Eobs,i) as a function of permalloy address volume.  b) 
Normalized response (∆EN,i) of the same data, as analyzed via Equation 9 with addresses a 
and a’ serving as reference addresses. 
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TABLE CAPTIONS 
 
Table 1:  The result of adjusting sample tilt using the rotating sample stage. 
 
Table 2:  Dependence of sensitivity and limit of detection (LOD) on separation (r) between 
GMR sensor and sample-stick. 
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TABLES 
 
 
 
 
 
 
 
∆EOBS (mV) 
Peak ID Initial Scan 
After 
Adjustment 
1 4.91 ± 0.07 5.02 ± 0.03 
14 3.72 ± 0.07 4.96 ± 0.05 
Absolute 
Difference 1.18 ± 0.09  0.06 ± 0.06  
% Difference 31.7% 1.2% 
 
Table 1 
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 Raw Data Normalized data 
r (µm) 
Sensitivity  
(× 10-3 mV/µm3) LOD (µm3) 
Sensitivity 
(×10-3 µm-3) LOD (µm3) 
50 3.54 15.4 1.24 15.8 
100 2.00 22.0 1.25 22.4 
150 1.05 17.7a 1.23 18.1a 
200 0.58 26.9 1.27 27.5 
250 0.35 34.8 1.26 36.4 
a) Deviation from the expected trend attributed to unusually small standard 
deviation in the measurement.  Investigations continue to determine the cause of 
this observation. 
 
Table 2
59 
 
Chapter 3: Multiplexed Detection of Food Borne Pathogens via Giant 
Magnetoresistance 
 
A manuscript in preparation for submission to the journal Analytical Chemistry 
 
John Nordling, Rachel L. Millen and Marc D. Porter* 
 
 
Departments of Chemistry and of Chemical and Biological Engineering, Ames Laboratory-
USDOE, and Institute for Combinatorial Discovery, Iowa State University, Ames, Iowa 
50011 
Mark Tondra 
 
Diagnostic Biosensors, LLC, Minneapolis, MN 55414 
 
*To whom correspondence should be addressed.  Present address: Department of 
Chemistry and Biochemistry and Center for Combinatorial Science at the Biodesign Institute, 
Arizona State University, Tempe, AZ 85287 (marc.porter@asu.edu) 
 
ABSTRACT 
This paper presents efforts made toward utilizing giant magnetoresistance (GMR) 
sensors, originally developed for use as digital read heads in computer hard drives, to the 
multiplexed, quantitative detection of bioanalytes found in food and water supplies.  The 
long range goal of this research is the development of a “card-swipe” analysis for a multitude 
of magnetically labeled analytes bound to micrometer sized addresses and interrogated by 
GMR in a manner analogous to a credit card reader.  The work herein moves toward this goal 
by demonstrating the first detection by GMR of magnetically labeled ovalbumin (a simulant 
for botulinum toxin), Escherichia coli O157:H7, and Salmonella enterica serotype 
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typhimurium as a proof of concept demonstration.  These analytes will first be detected 
individually, and then simultaneously using a spatially addressed sample-stick designed to 
allow readout of five internally referenced addresses in ~60 s.  These findings are then 
utilized to determine the limit of detection (LOD) which can be expected for each analyte 
using the test scheme proposed herein, as well as the sensitivity which can be expected when 
using the GMRs to perform this type of analysis.  Individually, LOD values for ovalbumin, 
Salmonella, and Escherichia coli O157:H7 were determined as 0.06 ng/mL , 8.2 × 104 
cells/mL and 6.0 × 106 cells/mL respectively.  In the multiplexed format, the LOD for 
Salmonella was determined to be 3.9 × 105 cells/mL.  Multiplexed analysis of ovalbumin 
highlights the need to carefully determine the cross-reactivity of various antibody-antigen 
pairings, as a constant signal was observed over all concentrations.  E. coli had a limit of 
detection between 1.0 × 106 and 1.0 × 107 cells/mL. 
INTRODUCTION 
Contamination of food and water with pathogenic microorganisms or other toxic 
materials is a global problem.  Within the United States alone, there have been instances of 
Escherichia coli O157:H71 and Salmonella2 contamination detected as recently as February 
2007.  Because of the nature of the pathogens, as well as the high cost in human health and 
product recalls, development of rapid screening techniques for pathogenic bacteria need to be 
developed.  The difficulty of rapid identification of suspected toxins is compounded by the 
wide variety of substances which may be present in the sampling environment.  Ideally, a 
system designed to identify numerous analytes simultaneously would be implemented, one 
which can be easily tailored to detect the most likely contaminants at a particular site.  In 
addition to flexibility in analyte identification several other factors are desirable in such a 
point-of-use system including speed and ease of use.3  Several reviews have been written 
recently on general methods4 for detection of bioanalytes as well as within specific matrices 
including food5, 6 and  water.7 Detection via antibody-antigen interactions provides a 
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convenient and accurate method for food borne pathogen detection.  Combining the 
specificity and high binding affinity found in antibody-antigen reactions with the application 
of streptavidin coated magnetic particles (MPs), a powerful new method of biodetection is 
demonstrated utilizing MPs as universal labels.  This manuscript shows the application of 
Giant Magnetoresistive detection to simultaneous analysis of three types of adulterants found 
in food supplies.    
In 1988, the discovery of thin, multi-layered structures displaying large changes in 
resistance when exposed to changing magnetic fields revolutionized data storage,8-10 giving 
rise to the current generation of hard drives capable of reading individual bits at speeds in 
excess of 300 Mb/s.11  These devices, known as Giant Magnetoresistors or Giant 
Magnetoresistive sensors (GMRs), in addition to their use as hard drive read heads, have 
shown promise in fulfilling many requirements desired in a point-of-use analysis system.  
They are rapid, rugged, sensitive, portable, and may be designed to respond in a variety of 
ways to specific magnetic stimuli.12  As a result of these traits GMRs have been used as 
sensors in areas outside magnetic data readout12-14 including: galvanic isolators,15 anti-lock 
braking systems16 and magnetic imaging.17  
  The application of GMR sensors to bioanalyses has also been investigated by a 
number of research groups.18-23  Our group has focused on transforming the GMR from its 
traditional digital detection mode into an analog sensor capable of quantitatively detecting 
minute amounts of magnetic material, and thus magnetically labeled bioanalytes.  Initial 
studies focused upon analyses wherein the target analyte was bound directly to the GMR 
surface and investigated using the sensor in a disposable, single use format,24 which while 
useful in demonstrating the capability of the sensor, was limited by its single use format. 
Current work in GMR detection has revolved around two approaches developed in 
parallel.  The first blends microfluidic technology with GMRs.25  In proof of concept 
experiments, plugs of ferrofluid in perfluorodecaline oil have been detected.26  Additionally, 
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detection of magnetotactic bacteria has been demonstrated within a stream of liquid.27  This 
analysis can be combined with on-chip magnetic sorting techniques28 developed around 
similar technology to build a flow cytometer employing magnetic detection rather than more 
traditional light based methods.  
The second approach uses a slightly different method.  Rather than detecting in flow, 
a disposable sample-stick was developed upon which analytes can be selectively bound, 
labeled with MPs and detected by GMR.29 By specifically tailoring the sample-stick 
addresses with specific capture antibodies, any number of analytes may be detected and 
rapid, multiplexed differentiation and quantitation can be accomplished.  This particular 
method of GMR multiplexing, as applied to bioassays, was first demonstrated using detection 
of IgG antibodies bound to gold addresses,29 wherein each address specifically binds a single 
type of analyte.  Building sample-sticks with multiple addresses, each designed to capture 
one type of analyte, creates a sample matrix wherein many analytes can be detected in a 
single experiment, with their identities and quantities determined based on the address and 
signal magnitude of the GMR response to the sample-stick, respectively.  These sample-
sticks are inherently flexible in their application, as the analyte of interest can be changed by 
simply choosing appropriate capture antibodies for each address. 
The work presented herein expands upon the initial multiplexed detection by 
demonstrating simultaneous analysis of three potential food borne pathogens in a single 
experiment:  (1) Ovalbumin (OVA), a simulant for botulinum toxin which is produced by 
Clostridium botulinum;30, 31  (2) Salmonella enterica serotype typhimurium (SAL);32 and (3) 
Escherichia coli O157:H7 (EC),33, 34 bacteria which cause gastroenteritis.  These targets 
represent two different classes of compounds (toxin and bacteria) with different properties 
(e.g. size or shape).35   
Multiplexing presents some challenges beyond those encountered in a single analyte 
measurement.  For example, optimization can be carried out for each analyte individually 
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when performing a single analyte measurement. However, when multiplexed analysis is 
desired, each analyte must follow precisely the same preparation method.  This requirement 
dictates identical techniques be used for each of the following assay steps: identical substrate 
preparation (though, if desired, capture antibody concentration can be varied), rinsing 
schemes, blocking, and antigen incubation times.  Additionally, the larger concentration of 
labeling antibody necessary in multiplexing results in the potential for increased nonspecific 
binding in the final analysis, a topic which will be addressed in the results section. 
The detection scheme developed for all three analytes begins with a sample address, 
selectively modified to bind one type of analyte through modification of a gold address 
previously coated with a monolayer containing a succinimidyl tail group.  The monolayer is 
then reacted with a solution containing antibodies for each analyte (specific to each address) 
and blocked with bovine serum albumin (BSA).  The sample-sticks are placed in solutions 
containing varied concentrations of analyte, then exposed to biotinylated antibodies which 
serve as labels.  Finally, the sample-stick is placed in a solution containing streptavidin 
coated MPs, rinsed, dried, and interrogated via GMR. 
EXPERIMENTAL 
Sample-stick Design.  The general scheme for sample-stick preparation has been previously 
described.29, 36  Briefly, 200 x 200 µm addresses were patterned with 1200-µm separation 
across a 4-in glass wafer (University Wafer) using AZ4330 photoresist and standard 
photolithographic techniques.  After patterning, 8-nm film of Ni was formed by electron 
beam deposition (Torrvac model VC320) followed by a 12-nm film of Ti, which protects the 
Ni surface from oxidation.  The remaining exposed photoresist was dissolved in Microstrip 
2001 (Clariant) and a second photopatterning step carried out to form 200 x 200-µm Au 
addresses between each Ni reference address. The Au addresses were created by first 
evaporating a Ti adhesion layer (8 nm), followed by 85 nm of Au.  The wafer was then rinsed 
in Microstrip 2001, which removed the remaining photoresist, and dried under an N2-stream.  
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Finally, the wafer was diced into 2.0 x 0.3-cm sample-sticks (American Dicing).  Each 
sample-stick was therefore composed of six Ni addresses and five Au sample addresses, each 
separated from its nearest neighbor by 500 µm. 
BioAssay Design. 1. Immobilization of capture antibody on addressed sample-sticks.  The 
diced sample-sticks were rinsed with ethanol, dried under a gentle N2 stream and placed in a 
low power Ar plasma for 60 s to clean the surface of contaminants.  Immediately following 
plasma cleaning, the samples were submerged in a 0.10 mM dithiobis(succinimidyl 
propionate) (DSP) solution for ~8 h to create a monolayer with a succinimidyl terminal 
group.37-39  The sample-sticks were then rinsed with ethanol and dried under a gentle N2 
stream.   
Each of the Au addresses were then modified with one of the antibodies.  To do so, 
the DSP-coated sample-sticks were mounted on a Peltier cooler set 2° C above the ambient 
dew point.  Solutions of capture antibody (320 µg/mL in 1:1 50 mM borate buffer in water: 
glycerol) were carefully placed on each gold sample address using a 25-µm id, 150-µm od, 
silica capillary (Polymicro Technologies) mated to either a 25 or 50-µL glass syringe via a 
Luer lock adaptor (Innovaquartz).  The other end of the capillary was then attached to a 
micromanipulator.  With this setup, a drop of antibody solution was extruded onto each Au 
address, completely covering the address.  The antibody concentration was chosen to account 
for 50% loss to adsorption on the capillary and syringe surface while maintaining a 
significant excess of antibody to react with the DSP-coated surface.29  The anti-ovalbumin 
(anti-OVA, polyclonal) and anti-Salmonella typhimurium (anti-SAL, monoclonal) were 
purchased from US Biological and used as received.  Anti-Escherichia coli O157:H7 (anti-
EC, polyclonal) was purchased in lyophilized form from KPL laboratories and rehydrated in 
10 mM Phosphate Buffered Saline in water (PBS, pH = 7.4) to a stock concentration of 1.0 
mg/mL.   
65 
 
In the single analyte method verification studies, all five sample addresses (S1-S5) 
were fabricated to act as capture surfaces for one specific antigen.  In the multiplexed 
analysis, two different capture schemes were utilized.  Figure 1 shows a diagram of the 
sample-sticks used in both types of experiment, along with the scheme used for numbering 
the addresses.  For multiplex analysis, sample-stick type I consisted of the following address 
arrangement: S1 and S5 are modified to selectively bind EC; S2 and S4 for OVA; and S3 for 
SAL.  Sample-stick type II was modified such that S1 and S5 would selectively capture SAL; 
S2 and S4 for OVA; and S3 for EC.   
The Ni reference addresses (R1-R5) were modified with a drop consisting of 200 
µg/mL BSA (Sigma) in a 25 mM borate buffer (pH 8.5, Pierce) in 1:1 water:glycerol solution 
in order to limit nonspecific binding of capture antibody.   
Following drop application, the sample-sticks were incubated in a 100% humidity 
environment for 30 min, then rinsed gently with 10 mM PBS.  After rinsing, 20-µL of 10 
mg/mL BSA in 50 mM borate buffer was placed upon each sample-stick for ~12 h to 
minimize nonspecific binding over the exposed glass and the reference addresses as well as 
neutralizing any unreacted DSP on the Au sample address.  From this point until the final 
rinse, the sample-sticks were kept under a drop of PBS solution to minimize denaturing of 
the antibodies. It was determined empirically that blocking the substrate in two steps resulted 
in reduced nonspecific binding, when compared to a one step process where the BSA drop 
application was omitted. 
BioAssay Design. 2.  Antigen Exposure.  Each sample-stick was then rinsed with 10 mM PBS 
and placed in a 0.5 dram vial containing antigen at known concentration in 10 mM PBS.  The 
samples were then placed on a shaker table at 150 rpm for 6.0 h.  The samples were removed 
from the vials and gently rinsed with 10 mM PBS. The concentrations of the stock, heat 
killed, EC and SAL solutions were verified via flow cytometry by the Cell and Hybridoma 
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Facility at Iowa State University.  Table 1 gives the concentrations of the analytes tested in 
the multiplexed experiment.  
BioAssay Design. 3.  Label Antibody.  For the multiplexed experiment, 20.0 µL of 10 mM 
PBS containing a mixture consisting of 100 µg/mL of each biotinylated antibody (anti-OVA, 
anti-EC and anti-SAL) in PBS was pipetted onto each sample-stick in a humidity chamber, 
and allowed to stand for ~12 h.  In the single analyte assays, 100 µg/mL solutions of the 
appropriate labeling antibody in PBS was used, following the same procedure. Biotinylated 
anti-OVA (polyclonal) and biotinylated anti-SAL (polyclonal) were purchased from US 
Biological and used as received.  Anti-EC (polyclonal) was purchased from KPL laboratories 
and biotinylated using an EZ-Link Sulfo-NHS-LC-Biotin kit from Pierce.  Verification of 
biotinylation was achieved through reaction of 0.1 mg biotinylated antibody with a solution 
of 4´-hydroxyazobenzene-2-carboxylic acid (HABA) and avidin, as confirmed by UV/VIS 
spectroscopy.40  The change in absorbance at 500 nm indicated an average of 0.98 biotin 
molecules were coupled to each protein.  The concentration of biotinylated antibody that was 
used was in 100x excess of that necessary to label an address if fully (100%) coated by 
antigen. 
BioAssay Design. 4.  MP application.  Following incubation with appropriate biotinylated 
antibody solution, the sample-sticks were gently rinsed with PBS to remove any unbound 
label and placed in a vial containing 2.0 mL of diluted Dynal MyOne streptavidin coated 
MPs (Invitrogen, 1.05-µm diameter, 20.0 µL stock diluted to 2.0 mL or ~1 × 108 MP/mL).  
The sticks were placed on the shaker table at 150 rpm for 3.0 h, rinsed four times with PBS 
by volume displacement, gently rinsed with deionized water to prevent buildup of salt 
residue, and dried under a gentle N2 stream.   
Instrumentation. The instrument has been previously described,36 and as such only a brief 
overview follows.  The system was built using a modified Micro Manipulator wafer test 
station (model 6000) as the underlying platform.  The GMR sensor circuit was mounted 
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between a set of coils capable of producing fields in excess of 500 Oe for brief intervals.  
Herein, a constant field of 150 Oe was used for all sample-stick interrogations.  The GMRs 
circuit was arranged in a Wheatstone Bridge configuration, consisting of two sensing (RS1 
and RS2) and two reference (RR1 and RR2) GMRs, as depicted in Figure 2 (a).20, 41  A source 
current (ISRC, 1.0 mA) was supplied to the bridge by a Keithley 220 constant current source 
and the voltage (E1-E2) was monitored using a Keithley 2182 nanovoltmeter.  The instrument 
was controlled by software written in-house (LabWindows/CVI v. 6.0).  Sample-sticks were 
mounted in a custom designed holder, and suspended ~50 µm above from the surface of the 
sensor.  Manipulation of the sensor and sample-stick on the x, y, and z axes was achieved 
through manual control of the test station.  Rotation about the y-axis of the test station used 
an Oriel 360° rotating stage.  This design ensured a constant separation between the sample 
and sensor over the course of a measurement, as small changes in separation between the 
sample and sensor (r) result in measurable variations in the observed GMR response .36  
Sensor Network.  The design and layout of the GMRs was the same as in our previous 
work.20, 41  The sensor network was composed of four GMRs, deposited in a serpentine 
pattern and connected as a Wheatstone bridge.  The sensors consist of a trace, 11-mm in 
length and 2-µm wide, which is separated from its neighbor by 2 µm.29  The two 
interdigitated GMRs, RS1 and RS2, serve to detect the passage of sample-sticks, and are 
arranged such that the external field (HAPP) is parallel to the long axis of the GMR strips.  
This alignment and design maximizes the sensitivity of the GMR sensors to changes in HAPP.  
Figure 2 (b) shows a photomicrograph of the GMR sensor network.   
The 200 x 200-µm sense pad that is created by RS1 and RS2 was protected from sample 
contact by a thin film of silicon nitride.  The two reference GMRs, RR1 andRR2, have the same 
structure as the sense GMRs, but are placed on either side of the sense GMRs at a spacing of 
30 µm.  As a result, the characteristic behavior of RR1 and RR2 was not expected to be 
identical to RS1 and RS2 in an external field, though it is assumed that RR1 and RR2 are identical 
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to each other, as are RS1 and RS2.  This results in a constant, non-zero offset in E1-E2 at a 
constant HAPP.  The proximity of the reference resistors is designed to maximize 
compensation for fluctuations caused by temperature and stray magnetic fields,20, 29 but is at a 
sufficient distance from the sense pad to be insensitive to the magnetic field from a sample-
stick. 
Sample Analysis. 1.  Signal Acquisition.  The long axes of the sample-stick and the GMR 
sensor network were aligned in parallel with the external magnetic field.  Following our 
earlier design,36 the sample-stick was placed 50 ± 10 µm above the GMR sensor.  The sensor 
is then slowly moved (120 µm/s) along the length of the sample-stick in a trace-retrace mode, 
which results in four measurements of each address on the stick after a second repetition.   
Sample Analysis.  2.  Signal Quantification.  Figure 3 gives an example of the typical 
response expected when one of the nickel reference addresses is scanned in close (~50 µm) 
proximity to the GMR sensor.  The profile has three distinct regions.  First, as the leading 
edge of the sample address approaches the sensor, E1-E2 (see Figure 3) increases to a 
maximum value (∆Emax,a).  As the sample continues past the sensor, a minimum is observed 
in the response near the point at which the sample is directly over the GMR sensor (∆Emin).  
During the second half of the scan, the response mirrors that of the front half of the scan, 
reaching a second maximum (∆Emax,b) at a point shortly after the trailing edge of the sample 
has moved past the sensor.  
The theoretical basis for this method of analysis has been previously described.29  In 
summary, the GMR response to the presence of a sample-stick (∆E) at any time during a 
sample scan can be written as 
[ ]SampleBaselineSRC RRIE −=∆ 2  (1) 
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where RBaseline and RSample are the resistance of the GMR network in the absence and presence 
of a sample respectively.  We can further define the values of each of the two characteristic 
maxima (∆Emax,obs) as:  
[ ]baselineSRCobs RRIE −=∆ maxmax, 2 , (2) 
where Rmax is the maximum resistance of the GMR network.  The minimum observed value 
(∆Emin), found when the sample is centered over the sensor, can be written as: 
[ ]minmin 2 RR
I
E baseline
SRC −=∆ , (3) 
where Rmin is the minimum resistance of the GMR network. Moreover, the average response 
to each address can be determined, as specified in Figure 3, by 
 min
max,max,
2
E
EE
E baiS ∆+
∆+∆=∆ . (4) 
This type of analysis yields a linear relationship between quantity of magnetic material and 
iSE∆ .36 
Finally, normalized responses (∆EN,i) for each sample address, i,  were calculated to 
remove the r-3-signal dependence on sample/sensor separation.36, 42  This step involved taking 
the ratio of the signal from each sample address ( iSE∆ ) to the average of the on-stick 
references immediately before ( iRE∆ ) and after ( iRE∆ ) for address i: 
1
2
,
+∆+∆
∆=∆
ii
i
i
RR
S
SN EE
E
E . (5) 
Plots of solution concentration versus 
iSN
E ,∆ were then used to prepare dose-response curves. 
In the case of the OVA and SAL analyses, some samples at the higher concentration 
ranges (1, 10, 100, and 1000 ng/mL OVA and 1.0 × 106, 1.0 × 107, and 1.0 × 108 cells/mL 
SAL) were discarded, as entire sample-sticks gave no measurable response to GMR 
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interrogation.  It was believed that the capture antibody on these sample-sticks was denatured 
(most likely through drying) during the initial capture antibody application.  This 
phenomenon was not observed in the EC analyses, and thus all EC data were included in the 
dose response curve.  Work continues towards development of an improved method for 
preparing sample-sticks. 
RESULTS AND DISCUSSION 
Single Analyte Analysis.  Multiple sample-sticks were examined for each analyte at several 
concentrations.  Figure 4 gives sample scans for one concentration of each analyte.  Note the 
reproducibility from the ‘S’ addresses across each sample-stick was consistently better than 
10%, and was often below 5%.   
The typical signal observed for the references addresses at the 50-µm separation used, 
∆ER, ranged from 0.3 to 0.6 mV, indicative of the sensitivity of the test station to small 
variations in r.  As the variation in ∆ER was normally less than 3% between adjacent 
reference addresses on the sample-stick, the effect of r on the results was negligible.  The 
baseline demonstrated peak to peak variation in E1-E2 between consecutive measurements of 
a given sample address which were less than 0.020 mV.   
A systematic baseline shift was observed over the interrogation of an entire sample-
stick.  This baseline shift was attributed to nonuniformity of the magnetic field, and was 
found to have no observable effect on the measurement of any three adjacent addresses used 
to determine 
iSN
E ,∆ for a given address i.36   
Figure 5 shows the resulting dose-response curve for each analyte in the single 
analyte analysis.  Figure 5 (a) gives the curve for solutions containing OVA.  The calculated 
limit of detection (LOD) for the method was determined to be 0.06 ng/mL (1.4 pM), and 
saturation of the capture surface was observed between 10 and 100 ng/mL.   LOD 
calculations were based upon three times the standard deviation of the average measurement 
for the blank OVA analysis (σ=0.02) plus the average measurement of the blank 
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(∆EN,blank=0.06).   The linear regression line for the GMR signal over the concentration range 
from 0 to 1 ng/mL was used to describe the dose-response characteristics.  This line had the 
equation ∆EN=0.916×OVA+0.053 (R2=0.9998), where OVA concentration is in ng/mL. 
Figure 5 (b) shows the dose-response curve for EC.  Using the concentration range 
from 0 to 1.0 × 107 cells/mL a best fit line having equation ∆EN=7.6×10-8EC+0.014 
(R2=0.996) was determined (σEC,blank=0.008 and ∆EN,blank=0.040).  From this line, a LOD of 
6.0 × 106 cells/mL was calculated.  The largest signal was observed at ~1 × 107 cells/mL, 
with a Hook effect43 observed in the samples at 1 × 108 cells/mL, leading to a decrease in the 
observed GMR response. 
Figure 5(c) gives a dose-response curve for a series of solutions containing SAL.  The 
LOD for SAL detection is calculated as 8.2 × 104 cells/mL in the same manner as above, with 
signal saturation observed at ~1 × 106 cells/mL.  Linear fitting of the concentration range 
from 0 to 1.0 × 106 cells/mL, the equation  ∆EN=1×10-6SAL+0.0091 (R2=0.997) with 
σblank,SAL=0.018 and ∆EN,Blank=0.0037 was used to determine the LOD.  A Hook effect was 
observed at concentrations above 1 × 106 cells/mL, as in the EC analysis, though it did not 
show as significant a signal decrease.   
Photomicrographs of three OVA addresses after full workup are shown in Figure 6 for 
three different concentrations of OVA (0, 10 and 100 ng/mL).  These visualize the MP 
coverage at the different concentrations of OVA.  Sample address saturation values of ~49% 
MP coverage calculated by automated image and coverage analysis software (ImageJ, 
National Institute of Health), were in approximate agreement with previous studies done 
using this type of particle as a magnetic label (41% at saturation),29  This value is near the 
predicted jamming limit (55%) for a diffusion limited process.44   
The drop in GMR signal observed at concentrations above 1 × 106 cells/mL SAL and 
above 1.0 × 107 cells/mL EC is attributed to the Hook effect at high concentrations, wherein 
it is speculated that the capture surface contains multiple binding sites, with differing affinity 
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for the antigen.43  At high concentration, antigen bound to lower affinity sites (i.e., sites 
having high dissociation constants) detached from the capture surface, resulting in lowering 
of the GMR signal for the analyte.  This was observed to a lesser degree in the analysis of 
SAL.  As the same polyclonal antibody was used in both the capture and labeling steps for the 
EC analysis, in contrast to polyclonal antibodies in the case of SAL capture (a mixture of 
polyclonal anti-SAL labeling antibodies was used), it is plausible that the Hook effect would 
be more pronounced in the EC analysis.  The single analyte results together lay the 
groundwork for multiplexed readout of these analytes using sample-sticks with multiple 
addresses, each specific to a different target analyte. 
Multiplexed Analysis.  Multiplexed analysis of the three analytes on both types of sample-
stick is summarized in Figures 7 and 8.  Figure 7 (a) shows the response of sample-stick type 
II exposed to antigen solution ‘B’ (Table 1).  The differing magnitude of the ‘S’ peaks is 
attributed to the different concentrations of antigen in solution, and reproducibility within 
addresses for a given analyte on the stick was better than 5% (except OVA, which showed 
poor reproducibility across the multiplexed experiments).  For example, in the case of the 
two OVA capture addresses (S2 and S4, 0.1 ng/mL), the average normalized signal was 
∆EN = 0.45 ± 0.1 over four measurements of each of the two addresses.  In the case of the 
two EC capture addresses (S1 and S5, 1.0 × 107 cells/mL), ∆EN = 0.64 ± 0.03.  The response 
of address S3, SAL, was also easily measured (1.0 × 106 cells/mL) as ∆EN= 0.90 ± 0.006, 
showing the reproducibility observed in multiple measurements of a single address (less than 
1% in this example).  Errors for these measurements were reported as the standard deviation 
of the average signal for the addresses, interrogated four times each. 
Figure 7 (b) gives the signal observed from sample-stick type I after exposure to 
antigen solution ‘E.’  It is clear from the data that at this concentration of EC (S3, 1.0 × 104 
cells/mL), the signal is well below the LOD of the system.  The signal for the SAL capture 
address (S1 and S5, 0 cells/mL SAL) also gave no measurable response.   
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The normalized signal for OVA (S2 and S4, 1.0 × 102 ng/mL) is measured as 
∆EN = 0.76 ± 0.04.  All errors are calculated in the same manner as above.  In both cases, the 
variation apparent in the ‘R’ addresses is attributed to nonspecific binding of MPs to the 
surface of the reference addresses, a concern that will be addressed in future work. 
In addition to demonstrating the multiplexed detection of these three example 
analytes, the ease of designing sample-sticks for specific purposes is shown through the two 
different types of sample-stick shown in this figure and used throughout the multiplexing 
experiments. 
Figure 8 gives the dose-response curve for each analyte in the multiplexed analysis.  
Each point is the average of four normalized GMR interrogations of a single sample address.  
The error bars are the standard deviation of those four GMR interrogations.  The GMR 
response was reproducible when interrogating a single sample address.  When the signal was 
above the baseline, the relative standard deviation (%RSD) for the GMR interrogation of 
each address was consistently less than 10% (the %RSD for the blanks was significantly 
higher, greater than 100% in several cases due to the relative importance of the background 
noise of the instrument).  This was observed in both the single and multianalyte 
measurements.  However, as is demonstrated in Figure 8, the dose-response curve of the 
GMR for solutions containing multiple analytes had reduced performance when compared to 
the single analyte method.   
Figure 8 (a) gives the dose-response curve observed for OVA.  As is clear from the 
plot, all the concentrations examined gave responses which were indistinguishable from each 
other.  The relative standard deviation across the concentration range tested ranged from a 
minimum of 23% in the 0.1 ng/mL sample to a maximum of 70% in the 1.0 ng/mL sample.  
Reasons for the response of the system to the OVA samples are discussed below. 
Figures 8 (b) and (c) give the dose-response result of EC and SAL analysis, 
respectively.  Each point on the plots consists of the normalized response of a single address 
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on a given sample-stick, and the error bars are the standard deviation of four measurements 
of that address.  From the plot, it appears that the upper range of EC analysis may not have 
been reached in the multiplexed experiment, indicating that it may be higher than observed in 
the single analyte experiment.  As the signals from the lowest four concentrations of EC were 
statistically indistinguishable from the blank, it was not possible to calculate a LOD for the 
method.  It is known that the LOD for EC will be between 1.0 × 106 and 1.0 × 107 cells/mL, 
as the observed signal rapidly increases over this range.    
SAL analysis has an overall range of response which, using the concentration range 
from 0 to 1.0 × 106 cells/mL, fit linearly to the GMR signal and has the equation 
∆EN=5×10-7SAL+0.13 (R2=0.96) where SAL is in cells/mL.  The LOD for this analysis, 
calculated using the best fit equation and three times the standard deviation of the blank 
(σblank=0.076 ) plus the signal from the blank (∆EN,blank=0.0095) was 3.9 × 105 cells/mL, 
approximately five times that observed in the single analyte method.  This increase is 
primarily attributed to additional nonspecific binding of MPs observed in the multiplexed 
analysis. 
The increased scatter observed in the multiplexed analysis was believed to be caused 
primarily by increased nonspecific binding across all sample-sticks and concentrations.  
Analyses carried out for cross reactivity of the capture antibody for each of the analytes 
indicated no nonspecific binding in excess of that observed when no antigen is present 
between EC and anti-OVA  or anti-SAL.  Additionally, no detectable nonspecific binding was 
detected for OVA upon exposure to anti-SAL or anti-EC coated capture substrates.   
In the case of SAL, no nonspecific binding above that observed in the blank was 
observed when exposed to anti-EC.  When a solution containing 1.0 × 108 cells/mL SAL was 
placed on an anti-OVA coated surface, MP coverage calculated using ImageJ was ~21%, as 
compared to ~2% coverage from a blank (50 mM PBS). OVA (100 ng/mL) was used as a 
positive control and was saturated with MPs.  The binding of SAL to anti-OVA is significant, 
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but not large enough to fully account for the poor reproducibility observed in the OVA 
multiplexed analysis.  The increased binding of SAL to anti-OVA highlights one point in 
particular which must be considered in all immunoassay schemes:  detection will ultimately 
be limited by the specificity of the antibody used both in the capture and the labeling steps of 
the detection scheme.   
The full causes of both the nonspecific binding and the interaction of SAL with anti-
OVA are not yet understood, though it is speculated that a significant component of the 
former was the increase in the total concentration of biotinylated antibody as compared to the 
single analyte measurements.  One additional cause of the nonspecific binding observed in 
the microscope analysis may be differences in the glass wafers, as the wafers used in the 
multiplexed experiment were from a different lot than those used in the single analyte 
studies.  All other experiment steps were identical between the multiplexed and single 
analyte experiments. 
CONCLUSIONS 
We have shown that the GMR sensor can be used to quantitatively detect bacteria or 
toxins in solution via antibody-antigen interactions, and has potential as a detection technique 
for both types of analyte simultaneously in a single solution through the use of a spatially 
defined addressing system.  When combined with antibody-antigen assay techniques, the 
GMR creates a system which can be used for the detection of multiple analytes 
simultaneously on a single sample-stick.  Readout of five sample addresses and six 
references was performed in ~60 s, showing the speed with which GMR analyses may be 
performed via a simple manual translation of the sample-stick past the sensor.   
In comparison to other methods, detection limits for OVA of 0.5 ng/mL have been 
achieved using electrochemical detection45 and 0.25 ng/mL via protein microarrays.30   The 
technique described herein gave a LOD for OVA of 0.06 ng/mL.  Based on these results, 
GMR demonstrates promise in the detection of botulinum toxins.  SAL determination with a 
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LOD on the order of ~103 in milk, measured via flow cytometry has been observed in less 
than 40 min,46 whereas the method described herein had an LOD of  8.2 × 104 cells/mL. 
Detection of approximately 2 × 106 cfu/mL EC have been realized using amperometric 
detection in ~30 min,47 while this work determined an LOD for EC of 6.0 × 106 cells/mL.  
Together, these two examples show the progress that must be made in GMR detection of 
bacteria. 
We have also demonstrated the potential for analyzing a virtually unlimited variety of 
antigens, while highlighting the importance of minimizing cross-reactivity in the analyses on 
a multiplexed sample-stick.  In the future, methods of mitigating cross-reactivity between the 
different analytes present in the multiplexed solution will be investigated as well as methods 
for minimizing nonspecific binding.  This will include application of different types of 
capture surfaces (such as aptamer or DNA modified addresses) which potentially 
demonstrate improved selectivity over antibodies.  The application of monoclonal antibodies 
may also improve specificity while decreasing the observed Hook effect. 
In addition to the above, improved methods of signal acquisition and data analysis 
will be developed.  For example, multiple sensing elements on a single GMR chip will 
enable simultaneous probing of multiple rows of samples on a single sample-stick, thus 
increasing the variety of analytes which can be detected in a single scan.  Alternative signal 
analysis methods based upon signal integration are also expected to result in LOD 
improvements.  Improvements in the GMR design and system electronics are expected to 
improve the speed, sensitivity and limit of detection which can be realized using the GMR as 
a bioanalytical tool.   
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FIGURE CAPTIONS 
 
Figure 1:  Diagram of the sample stick layout used in these experiments.  S1-S5 are Au 
addresses used as sample capture surfaces.  R1-R6 are Ni reference addresses, used as internal 
standards throughout the analysis. 
 
Figure 2:  (a) The electrical schematic for the GMR network.  (b) Photomicrograph of the 
GMR sensor. 
 
Figure 3:  GMR response to a typical Ni standard showing the approach used for 
determination of ∆ESi. 
 
Figure 4:  GMR scan of single analyte sample sticks:  (a) 1.0 × 101 ng/mL OVA;  (b) 
1.0 × 107 EC/mL; and  (c) 1.0 × 106 SAL/mL. 
 
Figure 5:  Single analyte result for (a) OVA, (b) EC, and (c) SAL wherein each point on the 
plot is a single address on a sample stick and the error bars are the standard deviation of four 
measurements of the address. 
 
Figure 6:  Photomicrograph of OVA sample addresses after completion of the immunoassay.  
The insets show a magnification of the lower left corner of each address.  (a) 0 ng/mL (PBS 
blank), highlighting the low levels of nonspecific binding observed in the single analyte 
assay.  (b) 10 ng/mL OVA, near saturation.  (c) 100 ng/mL OVA at the limit where the sample 
surface has been saturated with labels.  
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Figure 7:  GMR response to two different sample sticks.  (a) Sample Stick type II, exposed 
to analyte solution ‘B’.  (b) Sample stick type I, exposed to analytes solution ‘E.’ (see 
Table 1) 
 
Figure 8:  Results of GMR multiplexed analysis of sample sticks exposed to (a) OVA, (b) EC 
and (c) SAL wherein each point on the plot is the average signal from four measurements of 
an individual address and the error bars are the standard deviation of the normalized signal.
83 
 
FIGURES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 
84 
 
 
 
 
 
 
 
 
Figure 2 
85 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 
86 
 
 
 
 
 
Figure 4 
87 
 
 
 
 
 
 
Figure 5 
88 
 
 
 
 
 
 
 
Figure 6  
89 
 
 
 
 
 
 
 
Figure 7 
90 
 
 
 
 
 
 
Figure 8 
91 
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Table 1:  Multiplex Solutions 
Solution OVA (ng/mL) 
EC 
(cells/mL)a 
SAL 
(cells/mL)a 
A 0 1.0 × 105 1.0 × 107 
B 0.10 1.0 × 107 1.0 × 106 
C 1.0 0 1.0 × 105 
D 1.0 × 101 1.0 × 106 1.0 × 104 
E 1.0 × 102 1.0 × 104 0 
a) Each concentration had an associated 
uncertainty in concentration of 20%, due to 
the variability in the flow cytometry results 
used to determine concentration. 
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ABSTRACT 
Giant Magnetoresistance Sensors (GMRs) have been used successfully by the data 
storage industry for development of high density hard drives.   From this technology, a 
number of other magnetic sensing schemes have been developed.  Among these, we have 
recently shown that this technology can be readily applied to detection of antigens in a 
sandwich style immunoassay that integrates magnetic particle labeling, capture addresses 
arrayed on a sample stick, and a GMR-based readout in a manner analogous to a credit card 
reader.1    
To date, the workup and treatment of the data for this mode of readout has relied 
simply on the magnitude of the magnetic signature. This paper examines an alternate signal 
analysis technique in that the integrated magnetic signature is employed for antigen 
quantification. Theoretical models indicate that an overall improvement in signal-to-noise 
ratio (S/N) of more than a factor of ten is possible with integration when compared to the 
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original analysis technique.  In addition to the theoretical assessment, experimental data were 
obtained by GMR readout of sample sticks containing known amounts of magnetic material, 
and baseline correction schemes are developed to delineate the relative merits of the two 
analysis methods.  The experimental findings yield an observed improvement of S/N by a 
factor of six.  Approaches to improve the analysis are also briefly discussed. 
(1) Millen, R. L.; Nordling, J.; Bullen, H. A.; Porter, M. D.; Tondra, M. manuscript in 
prep. 2007. 
INTRODUCTION 
In 1988, a new class of materials displaying remarkable change in resistance in the 
presence of a magnetic field was created. 1-3   The phenomenon became known as Giant 
Magnetoresistance (GMR) and revolutionized the data storage industry by leading to sensors 
(GMRs) capable of reading high density hard drives with exceedingly small bit sizes (e.g., 
tens of nanometers).4, 5  While most materials in the presence of a magnetic field display a 
change in resistance on the order of 1% or less, GMRs can undergo alterations of up to 80% 
at room temperature.6  
GMRs have also found application in a number of other areas6, 7 due to their small 
size, sensitivity, robustness, and stability.  Beyond their original purpose, GMRs have been 
developed to detect position,8, 9 measure strain,10 and map magnetic fields.11  More recently, 
several groups12-19 have focused on the application of GMRs to bioanalyses.  These groups 
developed a number of different detection schemes utilizing various types of GMR sensors.  
These schemes include detection in fluid flow,20 binding magnetically labeled analytes to the 
sensor,16, 17, 19 and passing a chemically modified sample stick over the sensor in a manner 
analogous to a credit card reader.18, 21   
In the case of fluid flow detection and passage of a sample stick over the sensor, 
detection is based on a GMR response as a magnetic sample or solution moves past the 
sensor.  These experiments first position the GMR in a fixed external magnetic field, with the 
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magnitude of the resulting perturbation of the field sensed by the GMR that is induced by a 
magnetically labeled sample and is used to determine the concentration of analyte.   
The focus of this manuscript turns to development of methods to improve the limit of 
detection (LOD) and precision of GMR measurements of a sample through improved signal 
analysis methods, a subject that has been heavily researched and is material included in many 
standard textbooks.22, 23  Of particular relevance to the work herein is the wealth of 
information applicable to chromatographic data analysis.24-26  The type of baseline signal 
observed in most well designed chromatographic experiments is similar to that which we 
recently reported in GMR experiments in that white noise dominates the response after 
careful measurement optimization.18, 21  Furthermore, the sample moving past a GMR is 
analogous to eluite plugs passing across a chromatographic detector.  There is, however, one 
major difference.  GMR measurements of sample sticks do not suffer from the band 
broadening effects commonly observed in chromatographic experiments having a long 
retention time.  This situation potentially simplifies the analysis of GMR data, since the 
signal width of a response can be effectively viewed as invariant. 
Integration is an appealing method for improving the LOD of the system because it 
provides a means for averaging the signal.  In the integration method described here we 
utilize 51 data points, as opposed to the previously developed subtraction method which 
utilized only three data points to determine the signal from a sample.18, 21, 27  The additional 
information effectively averages the noise from the measurement and leads to improvements 
in the signal-to-noise (S/N) ratio and thus the LOD of the system.  This paper examines both 
simulated and experimental determination of the LOD which can be expected through 
utilization of a simple integration method.  This method is adopted from previous work in 
chromatographic band analysis,26 wherein an observed band is integrated through a simple 
summation process.  We begin by developing a theory which adapts this method to GMR 
signal analysis. 
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THEORY 
GMR Data Simulation 
Standard Generation.  As detailed previously,21 FEMLab version 3.0 generated simulated 
magnetic profiles of a ferromagnetic material in two-dimensional space under the following 
conditions:  samples were 200-µm long and 100-nm thick with relative permeability of 2.0, 
simulating a typical ferromagnetic material.  The surrounding medium simulated air, and thus 
had a relative permeability of 1.0.  The component of the magnetic field parallel to the long 
axis  (x-axis) of the ferromagnetic sample was mapped 50-µm below the vertical center of the 
sample, starting from 250-µm before the front edge of the address and extending beyond the 
back edge of the address another 250 µm.  The total analysis window is therefore 700-µm 
wide, and can be used to simulate the profile for the field from a sample as it is scanned past 
the GMR sensor.  A 150.0-Oe external field, applied along the x-axis of the sample, emulated 
the conditions that we use in our experiments.  The resulting signal is then scaled to that 
magnetically found in our earlier reports,21 with first point in the scan set to zero to define the 
ideal baseline response.  Additionally, to match the data density of the experimental 
measurements (~0.37 points/µm), the output from the simulation (0.765 points/µm) was 
averaged by a boxcar algorithm to yield a density of 0.38 points/µm.  Collectively, this 
simulation reproduces the profile and magnitude of the typical observed response of the 
GMR in our earlier reports (see below).21   
Sample Generation.   To simulate the response for a sample stick containing a number of 
addresses, we begin with a brief description of the GMR sensor network and its 
characteristics.17  The network consists of four GMRs is arranged in a Wheatstone Bridge, 
containing two sensing resistors and two reference resistors.  The bridge was energized using 
a four-point probe which passed a source current (ISRC) through the bridge and recorded the 
voltage drop (∆EOBS=E1-E2) across the other two points of the bridge.  The response of the 
network (EOBS) to an address passing over it, shown by the simulation in Figure 1 (a), is 
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measured as the average of the characteristic response of the two maxima (∆Emax,1 and 
∆Emax,2) minus the minimum (∆Emin): 
min
2max,1max,
2
E
EE
EOBS ∆−∆+∆= .  (1) 
Since the response of the GMR varies linearly with respect to the amount of magnetic 
material present,18, 21 simulated addresses with varied levels of magnetic material can be 
generated simply by scaling the simulation in Figure 1 (a) (prior to the introduction of noise) 
such that EOBS spanned from 0.1 to 1.0 mV. Signals for reference addresses (EOBS = 1.0 mV) 
were alternated with those for the simulated addresses to generate a data set which closely 
resembled the experimentally measured profiles for the sample sticks (see below).  A total of 
21 simulated signals are thus generated (10 samples and 11 references) with a signal range 
typical of that observed in the 0.020-µm thick permalloy samples utilized previously.21   
Noise and Baseline Calculations.  Careful control of test conditions, combined with baseline 
adjustment (see Baseline Adjustment and Scaling below) removes the drift and offset 
observed in typical GMR measurements because of, for example, thermal fluctuations and a 
nonuniform bias field.  As a result, only noise caused by random fluctuations of the 
instrument is considered. Noting that our experimental measurement system has a known 
baseline noise (σbase) of  0.008 mV,21 and utilizing a random number generator included in 
the software package applied to the data analysis (SigmaPlot v. 8.0), Gaussian noise is added 
to the simulated profiles, centered about the zeroed baseline and having σbase = 0.008 mV. 
Figure 1 shows the response of the simulated GMR response with noise.  Figure 1 (b) 
gives the full GMR scan of the simulated data, showing the 11 references as well as the 10 
samples.  The white noise added to each sample is easily observed in Figure 1 (a), which is 
an expanded view of one of the reference signals from Figure 1 (b).   
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Simulated Data Analysis Method  
EOBS Analysis.  Using software written in-house, EOBS is calculated for the simulated GMR 
response in the manner previously reported,21 and is given by equation 1.  Figure 1 (a) and 
(d) shows the landmarks for both integration and EOBS in terms of both the ordinate and 
abscissa positions. 
Integration Analysis.  Since a scan consists of measurements taken at known incremental 
movements of the sample along one direction (i.e., the x-axis, as defined in Figure 2), a 
simple summation method was utilized to integrate the signal due to the displacement of the 
GMR beneath a given address: 
∑∆= x OBS xExI
0
)()(  (2) 
where I(x) is the summation signal (i.e. a running total) of the potential difference across the 
GMR Wheatstone bridge (∆EOBS) from the beginning of the scan, x=0, to the end of the scan, 
x.  Figure 1 (c) shows the integrated result for the GMR signal displayed in Figure 1 (b), and 
Figure 1 (d) gives an expanded view of one standard.   
The integrated signal magnitude (Sint,n) was then calculated by subtracting the 
minimum of the integration of a given peak (Imin,n) from the maximum (Imax,n) for a sample 
address, n, as shown in Figure 1 (d).  This result represents the area of the profile from the 
point in which the signal crosses zero in a positive direction (i.e., close to when the leading 
edge of an address crosses the front edge of the sensor) to the point in which the signal passes 
below the baseline (i.e. close to when the trailing edge of an address crosses the back edge of 
the sensor).  These positions are used for defining the integration mainly because the zero 
crossings in the response profile can be readily identified.  It is noted (see below) that this 
approach is not yet optimal since portions of the characteristic GMR response are not 
utilized. 
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Method Comparison.  Since we are comparing the merits of signal integration to EOBS 
analysis, it is instructive to define a signal improvement factor (SIF)26 as follows: 
nobs
n
E
S
SIF
,
int,= , (3) 
where ‘n’ refers to a specific address on a sample stick.  This approach can be used for 
contrasting the two data treatments both without consideration for measurement noise.  
Baseline Development and Analysis.   Intuitively, the baseline of the GMR response can be 
expressed in the manner developed for chromatographic analysis:26 
∆EOBS,baseline(t)=mt + b + D(t) +  Nt, (4) 
where mt describes any linear baseline drift over time t, b is the constant offset caused by 
imbalance in the Wheatstone Bridge circuit,17, 21 D(t) is nonlinear baseline fluctuations (such 
as those observed in the GMR circuit with temperature or pressure changes), and Nt is the 
random noise (assumed Gaussian).  Through careful control of the test conditions, D(t) can 
be eliminated by allowing the system to thermally equilibrate and by avoiding contact 
between the sample and sensor.  Additionally, mt and b can be reduced to negligible values 
through the baseline correction steps described below, leaving only the random noise (Nt) 
associated with physical measurements. 
If truly random, as we will assume, the noise will remain centered about zero after 
appropriate baseline correction.  Thus, with sufficient sampling, the noise will have an 
average value of zero.  This situation is the primary cause for the expected LOD 
improvements via integration analysis:  the noise of the system can be more effectively 
averaged via inclusion of additional data points in the signal analysis. 
The baseline noise was developed to match the experimentally measured noise 
(σbase = 0.008 mV) of the current test station,21 by considering the case in which only Nt from 
equation 4 is applicable.  The width of the scanned area (i.e., the length of x-axis) has 51 data 
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points per signal, then, ten separate baselines were generated, all with Gaussian noise 
centered about zero and having 51 points. 
For the confirmation of the EOBS analysis method, the standard deviation of each of 
the ten baselines (σbase) is calculated, and the average standard deviation of the ten baselines 
is presented, prior to integration as OBSbase,σ . 
The baselines were then integrated using equation 2, and the integrated standard 
deviation calculated for all ten baselines.26  The average of these results, inbase,σ , defines the 
baseline noise expected under ideal conditions for an integrated signal in the absence of a 
sample.  A noise increase factor (NIF) can then be defined to aid in comparing Eobs to 
integration: 
OBSbase
inbaseNIF
,
,
σ
σ= . (5) 
It is noted that the value for the NIF is expected to be greater than unity when comparing 
OBSbase,σ  to inbase,σ  for a given baseline. 
By combining equations 3 and 5, an overall improvement factor (IMP) can be defined 
for comparing integration and EOBS analysis and is given by equation 6:   
NIF
SIFIMP = . (6) 
The IMP gives an objective comparison of the S/N ratio between the two analysis 
methods, setting the stage for an assessment of the potential gains which can be realized 
through signal integration. 
EXPERIMENTAL 
Sample Design   
Two different types of sample stick were designed and built for this experiment.  The 
first (Sample Stick I) was intended to test the analysis when covering the full dynamic range 
of the measurement system, while Sample Stick II was designed to be a more realistic 
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representation of a typical sample.  Sample Stick I consists of 200 x 200 µm Ni addresses, 
8-nm thick and covered by a 12-nm Ti layer to prevent oxidation.  These addresses serve as 
references for the baseline correction scheme and are interspersed with 200-µm long sample 
addresses, having widths ranging from 25 to 200 µm in increments of 25 µm.  The sample 
addresses have the same thickness as the reference squares.  Figure 2 (a) gives a top view of 
the pattern of addresses on Sample Stick I.  Each sample address is separated from the 
reference address on either side by 500 µm, and the overall dimensions of the sample sticks 
are 2.0 × 0.3 cm.  The increased density of reference addresses, compared to earlier work,21 
yielded a response profile that enables more effective baseline correction when using signal 
integration (see Baseline Correction and Scaling). 
Sample Stick II also consists of 8-nm thick, 200 x 200-µm Ni reference addresses 
alternating with sample addresses of varied geometry.  Each sample address is composed of a 
mosaic of differing numbers of 25 × 25-µm squares, each separated by 20 µm, and thus 
simulates a distribution of magnetic particles across a capture surface.  The sample addresses 
range from a single 25 × 25-µm square to an array of 25 squares, equally spaced in a 5 × 5 
grid (Figure 2 (b)).  The reference addresses were separated by 1200 µm, with the sample 
address centered between adjacent reference addresses.   
The sample sticks were prepared using standard lithographic techniques, wherein 
AZ4330 photoresist was patterned on the surface, nickel and titanium coated by electron 
beam deposition (Torrvac VC320) and liftoff in Microstrip 2001 (Clariant).  Following 
liftoff, the wafers were diced into 2.0 x 0.30 cm sample sticks (American Dicing) and 
examined by optical microscopy to verify the lateral dimensions, and therefore address area. 
Signal Acquisition   
The instrument used to measure the response of the sample sticks has been previously 
described.21  Briefly, an external bias field (HAPP) of 150 Oe was provided by a set of custom 
built, hollow core, magnetic coils separated by 8 cm (Nicolet Inc, Minneapolis, MN).  The 
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coils were energized using a Kepco 20/20M power supply in current control mode.  A 
Gaussmeter was utililized to determine the relationship between the input current and field at 
the center of the space between the coils.  A maximum field of 525 Oe can be achieved, and 
an HAPP = 150 ± 1 Oe can be maintained for more than one hour.  The field was found to be 
constant at a given position between the coils (150.4 Oe), but varied from 150.4 to 151.8 Oe 
over the full displacement (12.9 cm) of the GMR in a scan of Sample Stick I.  This small, but 
important variation gave a clearly observable arching of the baseline, which must be 
corrected prior to integration analysis. 
The GMR Wheatstone bridge circuit was energized by sourcing a constant current of 
1.0 mA using a Kepco 220 constant current source.  Its output was monitored for the 
difference in the voltage drop across the bridge (∆EOBS) via a Kepco 2182 nanovoltmeter.  
The hardware is controlled by a GPIB interface board with software written in house 
(National Instruments, LabWindows/CVI).  Prior to a measurement, the network was allowed 
to equilibrate for ~30 min while sourcing a current of 1.0 mA. 
Sample sticks are investigated by manual translation of the GMR network positioned 
with a 50 ± 10-µm gap from the sample stick.  The response (∆EOBS) was measured during 
each scan at a rate of ~7 Hz (the maximum value obtainable with existing hardware). 
Data Analysis Technique 
EOBS Analysis of GMR Response to Sample Sticks.  The measurement of EOBS of the signal 
from each address on the sample employed software written in-house, and was verified 
manually.  The algorithm first determined the two maxima and the one minimum for the 
response from each address.  Then, EOBS was calculated via equation 1.   
Baseline Adjustment and Scaling.  Prior to integration of the signal, a baseline correction was 
performed.  Figure 3 (a) gives an example of the raw signal from a scan of Sample Stick I.  
The baseline correction scheme was broken down into three distinct steps:  1) removal of 
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baseline arc; 2) subtraction of the baseline offset, and; 3) adjustment of the x-axis scale.  The 
reasoning and method for each step are described below. 
Correction of the arc in the observed baseline is vital to an accurate determination of 
the integrated signal, because the edges of the sample, and thus the first and last point in the 
integration, are defined by when the signal from a given address passes through a zeroed 
baseline.  The data points used to define the shape of the arc were the maxima of the signal 
from the reference addresses.  It was assumed that there was a linear dependence in between 
adjacent reference address maxima in a scan.  The correction was therefore made by 
subtraction of the line approximating the arc in the baseline between each adjacent reference 
maxima. 
The offset in the baseline, caused by slight imbalances in the Wheatstone Bridge,17 
was accounted for by averaging the signal for 10 s prior to initiation of a scan.  This value 
was then subtracted from the entire scan.  The voltage was then inverted to give a positive-
valued integration result.  Figure 3 (b) is the result of applying the full treatment to the profile 
in Figure 3 (a), and shows a baseline centered about 0 mV. 
The final step in correcting the baseline was adjustment of the x-axis scale.  As the 
samples are taken in the time domain and the motion of the GMR is manually driven, the 
velocity of the GMR during signal acquisition is not constant.  Thus, the resulting scan is 
transformed through a multi step process from a measurement in time to a displacement in 
space.  Figure 3 (c) shows a sample profile, highlighting the first and last points in the 
integration as well as the location of EOBS.  
The last steps in the overall analysis are then as follows:  first, the initial and final 
data points in the integrated signal for a given address were determined, which are identified 
by when the GMR response crosses the zeroed baseline.  Second, by assuming the velocity of 
sample motion was constant over this portion of the measurement (~200 µm), the time axis 
was converted to a distance axis by linearly scaling the time axis to 200 µm between the two 
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zero crossings.  Then, because of variations in the velocity of sample translation between 
experiments, small deviations in the number of points which constitute the signal from an 
address dictated the linear interpolation of the sample scan to give a sampling resolution of 
0.38 points/µm.  Finally, summation of the interpolated segment was performed via 
equation 2. 
RESULTS AND DISCUSSION 
Simulated Data Analysis 
EOBS Analysis.   As expected, a linear relationship is maintained in the simulated EOBS signal 
when Gaussian noise is added to the system.  Calculation of OBSbase,σ resulted in a value of 8.2 
×10-3 mV, near the value defined by the simulation (8 × 10-3 mV).  Calculation of the 
relationship between expected and observed values for EOBS (in mV) demonstrates a linear 
relationship in which EOBS, actual=0.985 × EOBS,expected + 0.039 (R2=0.9997), where EOBS, actual is 
the response of the GMR to the simulated signal. 
One noteworthy portion of the EOBS analysis of the simulated samples was the 
consistent positive offset from of EOBS in all profiles.  This offset has an average value of 
0.029 ± 0.005 mV in the simulated scan, near the magnitude of the typical noise observed in 
the simulated scan.  The offset was caused by the method of calculation for EOBS used in this 
and previous analyses.  As no signal averaging is performed for a single measurement of 
each address, the value determined for EOBS includes the maximum contribution of noise in 
measurement of ∆EOBS.  In the case of large samples, the observed offset adds a relatively 
small effect on the signal (~2.8%), but in smaller samples, the significance of the offset 
increases to a large percentage of the noise free signal, (~37% for the 0.1 mV address).  This 
was likely one contributing factor in the consistently observed positive y-intercept in 
previous work utilizing the EOBS analysis method.18, 21   
Table 1 gives a summary of the peak-to-peak analysis of the data, demonstrating how this 
offset may have a significant impact on the observed signal at low concentrations.  Signal 
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averaging could potentially reduce this offset without significant loss of signal, though 
development of an appropriate compromise between loss of signal and improved accuracy in 
measurement will require the use of faster signal acquisition techniques while maintaining 
the low level of noise present in the current instrument.  The offset discussed above is 
apparent in the y-intercept of the plot. 
Integration Analysis.  The results of summation of the simulated samples per equation 2, 
followed by calculation of Sint are summarized in Table 2.  The integrated baselines show 
inbase,σ  = 0.023 mV, confirming the expectation that inbase,σ , is larger than ppbase −,σ .  A linear 
fit of EOBS with integrated signal demonstrates a linear relationship where 
Sint = 31.2 × EOBS,expected -0.045 (R2 = 1.000), where all measured values are in mV. 
Comparison of EOBS to Integration.  Comparing the EOBS (mV) measurement to Sint (mV) 
results in agreement between the two methods (Sint = 31.5×EOBS-1.23, R2 = 0.9998), 
validating integration as a method for analysis of the GMR response to a sample.  
Analysis of the simulated data via equation 3 results in an average SIF = 29.4 over 
the analysis of all 21 samples in the simulated scan.  Equation 5 gives an average NIF = 2.7 
for the analysis of the ten simulated baseline segments.  Combining these two results, a 
comparison of EOBS analysis to signal integration gives a theoretical IMP = 10.7.  This 
indicates, through a direct comparison of the two methods under ideal conditions, that 
improvement in the LOD greater than a factor of 10 can be gained by changing the method of 
analysis from EOBS to integration in a well planned, carefully controlled experiment.  Higher 
resolution signal acquisition is expected to further improve the advantage gained through 
signal integration, as this will result in additional averaging of the noise associated with each 
measurement of an address on a sample stick. 
Sample Stick Analysis 
This section focuses upon the analysis of two different sample sticks (Sample Stick I 
and Sample Stick II).  Sample Stick I is first examined, and the results of analysis presented 
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in Figure 4.  Sample Stick II, which contains sample addresses more closely resembling 
magnetic particles, has results which are presented in Figure 5. 
Sample Stick I 
EOBS Analysis.  Examination of EOBS from Sample Stick I gives the expected linear 
relationship between sample volume (V, µm3) and signal (EOBS, mV).  Figure 4 (a) shows the 
sample and best fit line, having the equation Eobs=1.17×10-3V+0.042 (R2=0.995).  The 
observed offset projected for the blank signal is close that that found experimentally (n=20) 
of 0.018 ± 0.008 mV.  Using three times the standard deviation of the blank plus the signal 
from the blank as the minimum signal and assuming the y-intercept is zero, the LOD is 
36 µm3.  
Integration.  The relationship between Sint (mV) and sample volume is also linear (Figure 4 
(b)), with a best fit of Sint =0.032V-0.26 (R2=0.995).  Based upon this equation and the 
average integrated signal of 20 blanks, each measured using 51 baseline points and integrated 
using equation 2, the LOD for the integrated method is predicted to be 11 µm3 of nickel, or 
roughly 22 nickel particles with a 1-µm diameter.  However, detection of samples near the 
LOD is currently limited by the baseline correction method used, a factor which also 
contributes the relatively large negative offset observed in the y-intercept of the integration 
linear fit, a fact that will be come more important in the analysis of Sample Stick II. 
Figure 4 (c) presents the signal obtained via EOBS compared to that calculated via 
integration.  A linear fit of the data results in Sint=26.3EOBS – 1.1 (R2=0.983), validating 
integration as an analysis method for determination of magnetic material using GMR. 
Sample Stick II 
Figure 5 (a) gives the signal from Sample Stick II after baseline correction.  It is clear 
from this plot that that address ‘F’ has a measurable signal, however, the method used for 
defining the integrated area does not effectively include the entire signal from address ‘F.’  
This excluded area is not significant for larger samples; however, accurate baseline 
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correction becomes more important at small signals, because of the relative importance of the 
baseline arc and offset in the signal definition for a given address. 
EOBS Analysis. Figure 5 (b) shows the EOBS analysis from Sample Stick II.  The linear 
relationship between observed signal and sample volume remains apparent at these low 
sample volumes (the standards were omitted for clarity) with an equation of 
EOBS=6.3×10-4V+0.024, with R2=0.985.   Utilizing three times the standard deviation of the 
smallest sample (address ‘J,’ σJ=5.9×10-3 mV), the LOD for signal determination via EOBS is 
determined as ~30 µm3, in approximate agreement with the results from Sample Stick I. 
Integration.  In Figure 5 (c), the sample volume versus integrated signal for Sample Stick II 
shows that at sample volumes below 45 µm3, the signal falls largely below the baseline.  This 
leads to an apparent LOD for integration of ~45 µm3, and is actually greater than that 
observed in the EOBS analysis method.  This result is contrary to that observed in analysis of 
Sample Stick I and to the theory developed above, in that a degradation of the LOD is 
observed when signal integration is utilized for analysis.  This is attributed to the baseline 
correction scheme utilized herein, and indicates that further refinement of the method is 
required. 
The final component of the integrated analysis which must be addressed is the 
standard deviation apparent in the signals.  The primary cause for the large standard 
deviation in the Sint analysis (relative to EOBS analysis) was attributed to the baseline 
manipulation necessary for signal integration.  Improvements in either the data acquisition 
method or the analysis technique will be necessary to reduce the observed sample-to-sample 
variation in GMR response over multiple interrogations of a single address.  Automated 
translation of the sample, as opposed to manual translation of the sensor, is expected to 
improve certainty in sample position and reduce the arc observed in the signal background.  
Investigations into methods for this purpose are currently underway. 
107 
 
 
Method Comparison 
Comparison of EOBS  to Integration.  Using Sample Stick I, the overall SIF of the system was 
observed to be nonuniform over the different sizes of sample.  The observed trend in SIF for 
the sample sticks was not predicted by the theoretical treatment of the system.  In the small 
volume addresses (Sample Stick I, address ‘P’), SIF = 13.6.  However, in the large volume 
addresses (Sample Stick I, address ‘B’), the SIF was calculated to be 26.2.  Figure 4 (d) 
displays a plot of the sample volume vs. SIF for Sample Stick I.  The low values of SIF 
observed on the smaller volume samples was attributed to the non-zero intercept of the EOBS 
measurements.  As the value for SIF approaches a plateau at sample volumes above ~200 
µm3, an SIF of 24.6 (the average SIF for the four largest samples) is used to calculate IMP 
for the comparison of the two methods. 
Applying equation 4 to the blank measurements by both integration and EOBS, the NIF 
for the system is determined to be 3.94, larger than that predicted from the simulations.  It 
was speculated that this increased NIF over theory was primarily due to the baseline 
correction scheme used, which often failed to result in a baseline perfectly centered about 
zero, and thus the integrated signal of the baseline only partially matches that realized in the 
theoretical determination. 
Combining the values of SIF and NIF determined above for Sample Stick I, an 
overall IMP=6.24 was calculated, representing an improvement in S/N ratio of a factor of ~6, 
through signal integration.  Based upon the best fit lines, the LOD calculated using 
EOBS=36 µm3, while the LOD using integration gave a value of 11 µm3, only a factor of 3 
improvement.  Examination of SIF at the small volume sample address gave a value 
approximately half that observed in the large volumes, and is believed to be the primary 
cause for this disagreement between the two methods of calculation (LOD and IMP) for 
comparing the two analysis techniques. 
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The value of IMP determined for all samples is smaller than that predicted 
theoretically, a scenario which is most likely a result of the limitations of the current test 
station.  The baseline correction and manual translation of the sensor beneath the sample 
stick both introduce additional uncertainty into the measurement, which was neglected in the 
theoretical development of the idealized system, and contribute to the reduced value of the 
IMP when compared to theory. 
CONCLUSIONS AND FUTURE DIRECTIONS 
Integration of the GMR signal has shown improvement over previously utilized 
analysis of GMR response using EOBS.  Greater than a factor of 10 improvement in S/N ratio 
was predicted, and a measured improvement of ~6 was demonstrated for carefully controlled 
samples spanning the full range of the GMR system.  Use of the integration method results in 
a predicted improvement in LOD for previously developed immunoassay analyses.  For 
example, previous work utilizing GMR detection for determination of ovalbumin (a simulant 
for botulinum toxin) determined a limit of detection of 1.4 pM.  Through application of 
signal integration, it is plausible that the LOD would be improved to ~0.2 pM, with no 
changes to the measurement technique.27  Further improvement in LOD is expected upon 
refinement of the integration method to include the entire characteristic signal from an 
address.  The primary difficulties in integrating GMR signals lie in the accurate identification 
of sample position and the effective adjustment of the baseline to remove measurement 
nonlinearity and/or artifacts. 
Future work on signal integration methods will focus on modifying the instrument by 
automating the motion of the sample (as opposed to manual motion of the sensor), thus 
reducing both the observed arc in the baseline and the uncertainty in sample location, 
characteristics of the present system.  Additionally, faster and quieter signal acquisition 
electronics will offer further improvement in LOD through integration by increasing the 
sampling resolution and decreasing the system noise, respectively.  Finally, the baseline 
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correction scheme can be by either increasing the separation between sample and reference 
addresses on the sample stick, thus allowing the signal to return to baseline between 
addresses, or through decreasing the separation between the sample and sensor, which will 
improve the resolution of the GMR measurement. 
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FIGURE CAPTIONS 
Figure 1:  a) Full, simulated scan of GMR response to samples of varying size.  b) Expanded 
view of one reference showing the area of the scan used for signal integration as well as the 
points used in EOBS analysis.  c) The full integration of the simulated data.  d)  The integrated 
result of (b), showing the points which determine Sint. 
 
Figure 2:  Top view of the two types of Sample Sticks used in this manuscript.  All sample 
squares consisted of 8-nm Ni coated with a 12-nm Ti layer.  The x, y, and z axes are defined 
as used throughout the manuscript.  (a) Sample Stick I: square-shaped references (200 x 200 
µm) alternating with rectangular addresses of constant length (200 µm) and decreasing width 
from 200 µm (rectangle ‘B’) to 25 µm (rectangle ‘P’) in 25 µm increments. b)  Sample Stick 
II, 200 x 200 µm references alternating with arrays of 25 x 25 µm squares arranged in grids 
ranging in quantity from 5 x 5 (address ‘B’) to 1 x 1 (address ‘J’). 
 
Figure 3:  Plots showing results of Sample Stick II.  (a) Full scan of the sample stick.  (b) 
Full scan after baseline subtraction, flattening and inversion.  (c) Enlarged view of sample 
address ‘H’ showing the limits for integration (int limits) as well the points defined for 
calculation of EOBS. 
 
Figure 4:  The response of the GMR to Sample Stick I.  (a) The sample volume vs. EOBS.  (b)  
The sample volume vs. integrated response.  (c) EOBS vs. integrated signal.  (d) Sample 
volume vs. SIF, showing the trend in SIF with increasing signal. 
 
Figure 5:  The GMR response of Sample Stick II.  (a) A plot of the GMR response to 
Sample Stick II showing the characteristics of the response after baseline correction.  (b)  
EOBS for sample stick II.  Note that the 200 × 200 × 0.008 µm results have been omitted due 
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to their large signal relative to the small squares.  (c) The integrated response of sample stick 
II at differing volumes.  The 5 µm3 address (‘J’) showed no measurable signal in any of the 
sample stick scans by either method. 
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TABLES 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1:  EOBS Simulated Data Summary 
EOBS,expected (mV) EOBS (mV) EOBS,expected-EOBS (mV) % deviation 
 
0.1 0.137 0.037 36.7% 
0.2 0.241 0.041 20.7% 
0.3 0.340 0.040 13.3% 
0.4 0.428 0.028 7.0% 
0.5 0.527 0.027 5.3% 
0.6 0.631 0.031 5.2% 
0.7 0.724 0.024 3.5% 
0.8 0.831 0.031 3.9% 
0.9 0.925 0.025 2.8% 
1.0 1.028 0.028 2.8% 
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Table 2:  Simulated, Integrated Results 
EOBS,expected (mV) Sint (mV) 
 
0.1 3.075 
0.2 6.227 
0.3 9.307 
0.4 12.407 
0.5 15.527 
0.6 18.707 
0.7 21.780 
0.8 25.006 
0.9 28.061 
1.0 31.207 
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Chapter 5:  General Conclusions 
GENERAL CONCLUSIONS 
The primary theme throughout this work has been the development of the giant 
magnetoresistive sensor (GMR) as a readout tool for chip-scale analytical platforms by 
integration of the fields of magnetic detection, analytical chemistry, and biology.  In the areas 
of analytical chemistry and magnetic sensing, Chapter 2 described the application of GMRs 
to the detection of simulated magnetic particles, exploring the potential of these unique 
sensors for quantitative measurement of samples scanned in close proximity to the sensor 
surface.  This work was performed in a non contact “card-swipe” format, mechanically 
analogous to a GMR passing over data bits in a hard drive.   
Potentially, the most notable part of this Chapter was the development of on-stick 
standards.  These on-stick standards allowed for effective mitigation of the inherent 
dependence of the signal on separation between the sample-stick and the GMR sensor, as 
well as providing an internal standard for the detection scheme.  This work, combined with 
the first demonstrated detection of antibody-antigen interactions using the sample sticks and 
card-swipe method,1 led to the filing of a patent for the invention.2 
Chapter 3 built upon Chapter 2 by applying the sample sticks and method of 
measurement to the detection of food borne pathogens.  Through the use of antibody-antigen 
interactions, combined with spatial addressing on the sample stick, a demonstration of 
detection for each antibody was presented individually, and the first multiplexed assay 
involving detection of food borne pathogens was attempted.   
Chapter 4 of this work investigated methods by which the limit of detection for 
samples probed by the GMR system can be improved through signal integration.  Sample-
sticks, similar to those used in Chapter 2 but containing a higher density of references, were 
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built. These sample sticks create carefully controlled samples with predictable responses to 
the GMR.  Baseline adjustment, signal scaling and theoretical treatments were all reported.  
The improved signal analysis technique resulted in a calculated improvement in the limit of 
detection of approximately a factor of six, with no modifications to the original testing 
procedures - only alternate data analysis methods. 
PROSPECTUS 
While significant strides have been made in the area of GMR detection of 
bioanalytes, much remains to be explored.  The test station can be improved significantly 
through a number of strategies.  First, automation of sample motion rather than manual 
motion of the sensor should improve the results observed as this will allow both the direct 
knowledge of the sample location and a reduction in baseline shift over the course of a 
measurement.  Also, redesigning the sensor network to create arrays of sensors, each 
independent of the others, will allow the system to detect more samples in less time, 
improving the overall performance of the system.  Finally, once a sampling and measurement 
scheme has been developed, the instrument can be reduced in size, creating the portable 
instrumentation originally envisioned for GMR based immunoassays. 
Within the area of immunoassay development, several topics invite further 
investigation.  The detection scheme can be applied to a number of other areas, including 
clinical diagnostics and chemical weapons detection.  Broadening the scope of the 
application of GMR to immunoassay detection may also involve investigation of different 
binding and labeling chemistry to improve on the specificity for binding of target analytes to 
the sample stick.  It is speculated that aptamers or DNA modified capture surfaces may offer 
attractive alternatives to the traditional antibody-antigen schemes presented herein.  Applying 
the idea of multiplexed readout of the sample sticks to other sampling designs, such as disks 
or credit cards, will allow the GMR to expand its parallel analysis of bioanalytes to include 
many species of analyte simultaneously while maintaining a reasonable size; however, prior 
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to the application of the GMR to detection of an increased variety of sample and decreased 
amounts of analyte, strategies for prevention of nonspecific binding must be developed. 
Furthermore, methods for increasing the speed at which the immunoassay can be 
carried out, be it through overcoming diffusion limitations for the flux of analyte to the 
surface,3 through magnetic sorting techniques wherein the magnetic labeling of the antigen 
occurs prior to exposure to the capture substrate,4 or thermal control during the immunoassay 
to speed up the reaction between antigen and substrate.5  Each of these will require 
modifications of several portions of the immunoassay method (e.g. sample stick 
modification, immunoassay refinement or development of new techniques for label 
specificity). 
It may also be possible to transform the magnetic particle from a generic label into 
one which can be used in a manner analogous to nano-barcodes.6  Development of this 
technique will require significant research in magnetic particle synthesis as well as 
development of smaller GMR sensors which can be used to develop a scanning GMR 
microscope (analogous to magnetic force microscopy and its related methods in its 
application). 
With regard to sample stick preparation, different methods for creation of the 
selective capture surface also need to be examined.  Using lids containing flow channels over 
the sampling areas of interest has been discussed, and preliminary work along these lines is 
being pursued.  This will enable rapid development of GMR sample sticks and should reduce 
the potential for contamination between capture surfaces on a single sample stick.  In parallel 
with channel based capture surface preparation, use of an automated micro-spotter for 
placement of the capture antibody may show improvement over the current manual method. 
Finally, improved referencing schemes may be developed for the GMR system.  By 
moving away from the Ni on stick reference and replacing it with a surface having high 
affinity for the magnetic labels, many of the difficulties encountered during sample stick 
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preparation can be reduced.  In addition, the batch to batch reproducibility of the sample 
sticks can be improved as the precise control of layer thickness of the references becomes 
less important.  In order to fully develop this referencing scheme, work will need to be 
performed to ensure that reproducible levels of particle binding to the sample stick surface 
can be achieved.  This should be possible through the use of a large excess of magnetic 
particles contained in the labeling solution, to ensure saturation of the capture surface.  
Investigation of these proposed GMR method and instrumentation improvements will almost 
certainly extend not only the usefulness of the method, but also our understanding of 
performing measurements and immunoassay development, thus advancing the field of 
Analytical Chemistry as a whole. 
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ABSTRACT 
The need to preserve crew health during space missions, and the stringent 
requirements on crew time and cargo space dictate the development of a suite of reliable, 
easy-to-use technologies for monitoring the safety of spacecraft water supplies.  As our 
approach to potentially filling this need, colorimetric-solid phase extraction (C-SPE) 
provides a rapid, compact, and microgravity compatible method for determination of a 
number of parameters of potable water.   
This work focuses on application of C-SPE to determination of pH.  It uses Thymol 
Blue, which is impregnated on an anion-exchange membrane as an indicator for 
determination of pH in an alkaline solution.  After passage of ~1 mL of sample through the 
membrane, the diffuse reflectance spectrum of the impregnated reagent is measured and then 
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used to determine solution pH based on the ratio of the Kubelka-Munk (K-M) function at two 
different wavelengths (i.e., the wavelength of the maximum change in the K-M function with 
respect to the isosbestic point).  The addition of the isosbestic point analysis, as formulated 
from equilibrium considerations, creates an internal referencing scheme which eliminates the 
need for calibration.  The measurement, from start-to-finish, can be performed in less than 
two minutes, giving results accurate within 0.4 pH units over the range from pH 7.0 to 10.0.  
A reagent cartridge containing sodium nitrate on a filter and its application for controlling 
ionic strength of the analyte solution is also described.  Together, this method combines 
many of the advantages of C-SPE including small sample volume requirements, rapid 
readout and utilization of a calibration curve to determine pH.   
Keywords:  pH, thymol blue, Colorimetric-Solid Phase Extraction (C-SPE) 
1.  INTRODUCTION 
Human space travel presents challenges to the analytical sciences well beyond those 
normally encountered in a laboratory on earth.  Examples include: severely limited stowage, 
a closed-loop environment, stringent weight requirements, reduced gravity, and limited 
availability of crew time [1].  These issues are faced daily in the current Shuttle and 
International Space Station (ISS) missions and will only become more prevalent and 
demanding as space exploration extends beyond low earth orbit.  One essential component of 
space travel is maintenance of an adequate supply of potable water.  A safe drinking water 
supply is vital to crew health in all types of missions, and becomes more pressing as both the 
duration and distance of exploratory missions increase.  This need has led to the development 
of a number of rapid analysis methods for drinking water contaminant detection based on the 
concept of colorimetric solid-phase extraction (C-SPE), a procedure amenable to the 
operational constraints imposed by space travel. 
C-SPE is a facile, rapid technique for accurate water quality analysis that involves 
passing a known volume of sample through a small extraction disk, which results in a 
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substantial concentration of analyte on its surface [2].  When the disk is impregnated with a 
selective, colorimetric reagent, there is a detectable color development due to the interaction 
between analyte and reagent, which may be quantified by diffuse reflectance spectroscopy 
(DRS).  These two important features (high concentration factor and pronounced spectral 
response) allow analysis to be performed with a lightweight handheld spectrophotometer, 
thus satisfying the requirement for limited stowage and reduced weight.  The entire sampling 
process - from collection to readout - is typically accomplished in under two minutes, and 
can be modified to accommodate a closed-loop system.  Tested and validated to perform in a 
reduced gravity environment, our laboratory has developed protocols that fulfill all the 
prerequisites for use in space [3].    
Compact C-SPE analysis kits have been developed by our laboratory for detecting 
and quantifying several drinking water constituents, additives and contaminants that could 
potentially impact the health and well-being of astronauts.  The analytes include silver (I) [4], 
iodine [3, 5, 6], nickel (II) [7, 8], lead (II) [7], copper (II) [2], and iron (III) [2], as well as 
chromium (III) and (VI) distinction [9]. A multiplexed system capable of the concurrent 
detection of iodine, nickel (II) and acidic pH [10] has also been devised.  Addition of a C-
SPE analysis technique for more basic pH measurements has the potential to extend the 
general utility of this method without dramatically expanding the size of the kit.   
Of the numerous colorimetric pH analysis procedures developed, test strip methods 
are by far the most common, owing their appeal to their simplicity and the wide variety of 
indicator papers available.  Such protocols, however, inherently incorporate a risk for 
interpretive error.  More sophisticated but stringently quantitative optical pH detection 
methods also find widespread use, as discussed in a 2000 review by Lin [11].  Li et. al., for 
example, have developed a fluorescent dye containing multiple protonation sites, which, 
when immobilized in a sol-gel matrix, has a linear response in the range of pH 2 to 10 [12].  
128 
 
Several other groups have also created pH sensors based upon fiber optic probes, suitable for 
use in a variety of situations [13-21]. 
The unique requirements of space travel also place restrictions on any additional 
stress that may be imposed on an astronaut during routine water quality testing.  As a 
consequence, test strip methods for pH analysis, with their reliance on human interpretation 
and the associated subjective error involved, render such traditional determinations 
unacceptable.  Furthermore, space vehicles such as the Shuttle or ISS operate in a closed 
atmosphere, so it is also desirable to eliminate the release of any eluents into this 
environment.  Both these concerns are alleviated in the C-SPE diffuse reflectance 
spectroscopy protocols developed in our laboratory.  The method described in this paper 
utilizes a system wherein the reagent and pH indicator membrane-containing cartridges, as 
well as the syringes, sample and waste containers are specifically designed to minimize the 
likelihood that analyte solution will be released.  Additionally, the use of instrumental DRS 
readout negates any error associated with bias by the analyst.  
In this work, a previously developed C-SPE analytical method [10] was refined to 
allow the range of measurements to extend to more basic pH.  Thymol blue, impregnated in 
an anion-exchange membrane, was used as a representative indicator to facilitate 
determinations in alkaline solution.  In the range of sample volumes tested (1.0 – 10.0 mL), a 
negligible depletion effect, facilitated by the equilibrium reaction between hydrogen ion and 
the indicator, was demonstrated [22].  That is to say, the analytical results were independent 
of sample volume, a property that will allow eventual application of such an analysis in a 
serial, multiplexed mode wherein pH and any number of other analytes could in principle be 
determined from a single sample passed through several membranes in succession, followed 
by DRS readout for quantification.  When poly(vinyl) pyrrolidone (PVP) modified 
membranes [6] are used for the extraction of a colored component (e.g., iodine, the biocidal 
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additive to spacecraft water from samples  prior to pH measurement, the performance of the 
technique may be improved and the groundwork for C-SPE multiplexing can be established. 
The procedures for C-SPE analysis of potable water developed thus far employ the 
Kubelka-Munk function to generate a relationship between analyte concentration and the 
diffuse reflectance spectrum of a disk impregnated with a colorimetric reagent.  In this work, 
it was found that high concentrations of the indicator yielded reflectance values at the target 
wavelength that were outside the range over which the spectrophotometer demonstrated a 
reproducible response.  Because of this behavior, small variations in concentration of the 
indicator resulted in significant differences in the observed spectral signal.  To compensate 
for this variability, a theory for using  the isosbestic point in the response of the indicator was 
explored as an internal reference for each measurement [23].   
In general, there are several advantages associated with C-SPE as an analytical 
methodology including small sample volumes, rapid readout, and simple data analysis 
employing calibration curves to determine analyte concentrations.  In this study, additional 
benefits were realized by exploiting spectral and chemical characteristics of the indicator 
coupled with the tandem placement of reagent cartridges.  First, by using the isosbestic point, 
the method is self-referencing and thus requires no calibration by the user.  Secondly, the 
measurement is largely independent of sample volume, that is to say a negligible depletion 
regime exists over the volume range tested [22].  Next, the ionic strength of the analyte 
solution is controlled through the introduction of a salt (NaNO3) via a reagent cartridge, thus 
reducing the error typically associated with colorimetric pH determination in low ionic 
strength solutions [16, 21].  Lastly, thymol blue has been utilized extensively in a number of 
pH sensing schemes, and as such, its characteristics as an indicator are well understood [24-
26].  
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2. EXPERIMENTAL 
2.1 Diffuse Reflectance Spectrophotometer 
A BYK-Gardner color-guide plus (d/8º) diffuse reflectance spectrophotometer 
(Model LCB-6832) was used to spectrally probe the thymol blue-impregnated disks.  This 
small, handheld instrument is lightweight, battery operated, and can collect data over the 
visible range (400-700 nm) with 20-nm resolution in ~1.5 s.  The acquired data were then 
downloaded to a personal computer via a standard serial cable link for Kubelka-Munk 
transformation and workup. 
2.2 Reagents and Chemicals 
2.2.1 Buffer solutions.  Standards at pH values ranging from 7.0 to 10.0 were prepared to a 
final concentration of 0.010 M buffer and 0.10 M sodium nitrate in deionized water using the 
buffers listed in Table 1.  The pH was adjusted by drop wise addition of 0.1 M NaOH or 0.1 
M H2SO4.  These solutions were employed to create a colorimetric standard curve from 
spectral analysis of indicator-impregnated membranes.  Tests were carried out beyond this 
range, at both the acidic and alkaline ends of the scale, to investigate the overall utility of the 
method, though it was discovered (as will be shown) that outside the range covered by the 
standards, the efficacy of the measurement decreases dramatically. 
2.2.2 Interferent Solutions.  Silver and iodine were targeted as potential interferents due to 
their presence as biocides in the potable water systems on the ISS and Shuttle, respectively.  
Iodine was of particular concern, due to its known retention on the anion exchange 
membranes used herein [27].  Buffered solutions at several pH values, as outlined in Table 3, 
were prepared in the manner described above, and were spiked with either silver ICP 
standard solution to a final concentration of 0.30 or 1.0 mg L-1 Silver (I) or to 1.0, 3.0, or 
5.0 mg L-1 iodine; conditions similar to typical and worst case scenarios.   
2.2.3 Indicator Solution. The sodium salt of thymol blue (Sigma, ≥98%) was used as 
received to prepare aqueous stock solutions (~0.50 mg mL-1), which were replaced weekly.  
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The stock solution was diluted to 0.50 µg mL-1 with deionized water immediately prior to 
membrane impregnation.  This indicator was chosen because it maintains its activity in 
alkaline solutions when bound to an anion exchange membrane [28-30].  We speculate that 
this characteristic is due to the presence of multiple ionizable groups [31], wherein the more 
acidic site, i.e. a sulfonate group originally bound to Na+ (pKa = 1.65 ) is deprotonated in 
water and binds to the anion exchange membrane by both electrostatic and hydrophobic 
interactions.  Thus, the more basic hydroxyl site (pKa = 8.90 at 0.1 M ionic strength) is free 
to function as the reactive group for pH sensing.  Since no detectable change in membrane 
color was observed after passage of several samples at pH values ranging from 1 to 3, we 
interpreted the results as additional evidence that the aforementioned is the correct 
description for the interaction observed between thymol blue and the anion-exchange 
membrane. 
2.3 Membrane Preparation 
2.3.1 Thymol Blue Membrane. Membranes were prepared through modification of a 
previously developed method for pH analysis that used fluorescein [10], by mounting in a 
Millipore Glass Vacuum Filter Holder connected to a mechanical vacuum pump.  A bleed 
valve was employed to control the pressure differential across the membrane during the 
various steps of membrane impregnation. 
3M Empore® anion exchange membranes (Fisher) were first saturated with 10.0 mL 
of methanol (HPLC grade, Fisher), which was passed through the membrane at a pressure 
differential of ~1 in Hg.  Next, 5.0 mL of a 30.0 g L-1 surfactant (Brij 30, Aldrich) in water 
solution was added to the filter holder cup and the pressure adjusted to ~3.5 in Hg and 
maintained until all visible surfactant solution had passed through the membrane.  To purge 
excess surfactant from the membrane, the pressure was increased to 20 in Hg, and maintained 
for 45 s, after which the pressure differential was removed.  Next, 10.0 mL of 5.0 µg mL-1 
thymol blue (sodium salt) in water was pipetted onto the membrane surface and the pressure 
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adjusted to 3.5 in Hg until the solution passed completely through the membrane.  The 
pressure differential was then increased to 20 in Hg and held for 1 min in order to expedite 
drying of the membrane, which was then removed from the filter holder and placed in a 
laboratory bench drawer on an absorbent towel for ~12 hr to continue the drying process.  
The dried membranes were then stored in individual plastic bags wrapped in aluminum foil 
until immediately before use to prevent degradation through exposure to light and air.  Tests 
carried out for up to 3 weeks (the longest time tested) showed no appreciable decay in 
performance; however, membranes left in laboratory ambient, on the bench top for three days 
had degraded beyond the point where their performance could be relied upon (results not 
shown). 
Immediately prior to use, the membranes were removed from their storage bags and 
cut into 13-mm disks, each containing 6.9-µg thymol blue.  They were then loaded into 13-
mm Swinnex polypropylene filter cartridges having Luer fittings, which readily form leak-
free seals with standard syringes and waste collection bags.  For additional leakage 
prevention around the seal between the two halves of the cartridge, 13-mm silicone gaskets 
were used. 
2.3.2 PVP Membranes.  PVP membranes, used for iodine extraction, were prepared in the 
manner previously described [6].  Briefly, 10.0 mL of a 3.0 × 101 g L-1 solution of PVP in 1:1 
methanol:water was passed through a 3M Empore®  SDB-XC (polystyrene divinylbenzene) 
extraction membrane (Fisher) at a pressure difference of ~3.5 in Hg in the apparatus 
described above, after which the pressure differential was increased to ~20 in Hg to pass air 
through the membrane for ~45 s, driving off excess solvent.  The membranes were removed 
from the filtration apparatus and allowed to dry on an absorbent towel for at least 5 h prior to 
either: (a) storage in a plastic bag or (b) cutting into 13-mm disks for immediate use.  The cut 
disks were loaded into low dead volume membrane holders (SPI, 13-mm polycarbonate) that 
were suited to mate to the Swinnex cartridges. 
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2.3.3 Sodium Nitrate Reagent Membranes.  In order to maintain a constant ionic strength for 
accurate pH determination, a method for introducing sodium nitrate into the analytical 
procedure was developed.  Aliquots of different concentrations of NaNO3 solution were 
poured over 45-mm media pads in a 50-mm Petri dish, dried on a hot plate set slightly below 
100° C and cut into 13-mm disks, which were then loaded into standard Swinnex cartridges.  
Concentrations were chosen such that if all the salt on a given reagent disk were dissolved 
into a 2.0-mL aqueous sample, its concentration would be 0.04, 0.1, or 0.2 M.     
2.4 pH Measurement Procedure 
2.4.1 Calibration Curve Generation and Method Validation.  The C-SPE method of 
measurement followed the same general scheme used in previous work [2, 4, 5, 22].  
Generally, a buffer sample was drawn into a syringe (volume 1.0 or 2.0 mL depending on the 
experiment), which was subsequently attached to a Swinnex cartridge containing a thymol 
blue-impregnated membrane.  The syringe plunger was depressed, causing the sample to pass 
through the reagent cartridge and react with the indicator.  The sample syringe was then 
detached, and the cartridge was affixed to a large drying syringe, which was used to force 
~60 mL of air through the indicator membrane to drive off any excess buffer.  After 
disconnecting the cartridge and opening it, the lower half supporting the membrane was 
placed in a custom made DRS sample locater, which positioned the 13-mm thymol blue 
membrane under the 11-mm aperture of the spectrophotometer. The entire measurement to 
this point was performed in less than 2 min.  The sample spectrum was acquired and 
downloaded to a personal computer, after which the Kubelka-Munk function (F(R)) was 
calculated at each wavelength (400 – 700 nm, at 20 nm intervals).  The development and 
details of the approach used to calculate pH and the rationale for using the isosbestic point 
for internal signal referencing is described in a later section. 
2.4.2 Sodium Nitrate Introduction. Three different sample solutions were made to test the 
efficacy of NaNO3 introduction as a means to maintain an effectively constant ionic 
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strength [32].  These samples consisted of 0.010 M buffer in water, their pH adjusted by drop 
wise addition of 0.1 M NaOH or 0.1 M H2SO4 , buffered at pH 7.5, pH 8.7, and pH 9.5 
(prepared using the buffers in Table 1).  Controls consisted of three solutions made to 
approximately the same pH, but in 0.10 M NaNO3.  Analysis of the samples was carried out 
by drawing 2.0 mL of solution into the syringe through the sodium nitrate cartridge. The 
cartridge was then disconnected, excess air purged from the syringe, and the sample passed 
through another cartridge containing a thymol blue indicator disk.  In this manner, a total of 
nine different combinations were tested (three values of pH at three NaNO3 concentrations) 
to determine the most effective on-membrane concentration of NaNO3 for creating accurate, 
reproducible pH measurements.  Controls were measured in the same manner, without 
passage through a NaNO3 cartridge. 
2.4.3 Interference Studies.  As the current supply of potable water on orbit contains different 
types of biocide, depending on the source (Silver (I) for ISS, Iodine for Shuttle), the effect of 
biocide presence on the measured pH was investigated.  Toward these ends, buffered samples 
were prepared at several pH covering the range of thymol blue analysis following the 
procedure outlined above.  The pH of each solution was verified immediately prior to C-SPE 
analysis using a standard pH meter, then C-SPE analysis was performed as discussed above 
(Section 2.4.1).  Although at more acidic pH thymol blue is known to form complexes with 
various metals, including mercury (II) [33], lead (II), and cadmium (II) [34],  they were not 
expected to interfere with the pH measurement in the target range for this work, and thus 
were not examined. 
2.4.4 Iodine Removal by PVP. Iodine removal experiments were carried out using the 
previously described interferent solutions.  Samples of iodine solution (2.0 mL) containing 0, 
1.0, or 5.0 mg mL-1 iodine were drawn into a 3-mL syringe.  A PVP membrane cartridge 
was attached to the syringe, then a thymol blue cartridge was attached in tandem with the 
PVP cartridge.  In this way, the samples were passed through the two cartridges successively.  
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The cartridges were then separated, 60 mL of air was passed through the thymol blue 
cartridge as a drying step, and the DRS used to acquire the spectrum of the membrane.  
3. RESULTS AND DISCUSSION 
3.1 Diffuse Reflectance Spectra  
Figure 1 shows the diffuse reflectance spectra after Kubelka-Munk transformation to 
F(R) for several different thymol blue impregnated discs after passage of 1.0 mL of  buffered 
pH solutions.  There are three noteworthy observations.  First, the largest change in 
reflectance with pH occurs at 600 nm, where F(R) increases significantly with increasing pH. 
Second, F(R) at shorter wavelengths (400-420 nm) decreases as pH becomes more basic, but 
the change in this spectral region is not as pronounced as that near 600 nm.  Finally, an 
isosbestic point is observed at 500 nm.  Both the observed isosbestic point and the changes in 
reflectance are in general agreement with reported solution studies [35] in that the lower 
energy band can be assigned to the evolution of the deprotonated form of the immobilized 
indicator, whereas the protonated form dominates the spectrum at higher energy.  
Spectrophotometric analysis of thymol blue in solution over a pH range of 6.0 to 13.0 
showed the largest change in absorbance at 595 nm, an isosbestic point at 495 nm and the 
corresponding absorbance change at 432 nm, each of which correspond to the spectral 
characteristics observed here via diffuse reflectance, within the 20-nm resolution of the DRS 
[35]. We add that complete workup of the sample - from collection in the syringe to 
membrane readout by DRS - requires less than 2 min. 
3.2 Data Analysis Method and Theory 
The DRS instrument used in this study measures percent reflectance of a sample 
relative to both a matted white and matted black standard.   Transformation of the reflectance 
data to the Kubelka-Munk function F(R) is performed as follows [36]: 
( )
R
RRF
2
1)(
2−=  (1) 
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where R is the fractional reflectance at each wavelength.  F(R) is then related to the 
concentration of analyte captured on the disk (Cf), in this case thymol blue in its various 
forms, as: 
S
C
RF f×= ε303.2)(   (2)  
where ε is absorptivity at a given wavelength and S the wavelength dependent scattering 
coefficient for the membrane.  Assuming that ε and S are constant, we can recast  
S
ε303.2  as A, a reflectance constant for the impregnated membrane at a given wavelength.   
Thus, the F(R) value for thymol blue at its isosbestic point (F(R)IP, 500 nm) can be written as 
totTBtotIP TBARF ×=)(  (3) 
where ATB,tot the reflectance constant for thymol blue at 500 nm and totTB  is the total 
concentration of thymol blue on the membrane.  At the wavelength where maximum 
response to pH occurs (600 nm),  
−
−+= TBATBHARF TBTBH)( 600  (4) 
where ATBH and ATB- are the reflectance constants at 600 nm, and TBH  and −TB  are the 
membrane concentrations of the protonated and deprotonated forms of thymol blue, 
respectively.  Based upon the data in Figure 1,we can reasonably conclude that at 600 nm, 
ATBH = 0, and equation (4) becomes: 
−
−= TBARF TB)( 600 . (5) 
From equilibrium considerations, we can also write, 
TBK
HTBTBH
+− ×=   (6) 
where KTB is the equilibrium constant for the reaction of thymol blue with hydrogen ion on 
the membrane.  It is then necessary to relate +H  (membrane concentration of hydrogen ion) 
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to the concentration in solution, [H+], in order to calculate pH.  To do so, we recognize that 
ff VHn
+= , where nf is the number of moles of analyte partitioned into the disk and Vf  is the 
volume of the disk.  Also noting that nf=KDVf [H+], where KD  is the partition coefficient for 
hydrogen ion into the disk, +H  can be related to [H+] in the regime where the signal is 
volume independent as follows [22]: 
][ ++ = HKH D . (7) 
By inserting equation (7) into equation (6) 
[ ]
TB
D
K
HKTBTBH
+− ×= , (8) 
and recognizing the mass balance equation on the membrane as 
−+= TBTBHTBtot , (9) 
substitution of equation (8) into equation (9) gives: 
[ ] −+− +×= TB
K
HKTBTB
TB
D
tot . (10) 
In order to internally account for the dependence of the C-SPE measurement on the 
impregnated thymol blue concentration, the following ratio of F(R600) to F(RIP) can be used: 
totTBtot
TB
IP TBA
TBA
RF
RF −−=
)(
)( 600 . (11) 
Recasting 
)(
)( 600
IPRF
RF
 as F(Rratio) and substituting equation (10) into equation (11) for totTB ,we 
obtain: 
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[ ]
⎟⎟⎠
⎞
⎜⎜⎝
⎛ +×
=
−
+−
−
−
TB
K
HKTBA
TBARF
TB
D
TBtotal
TB
ratio )( . (12) 
Solving for [H+] 
[ ]
D
TB
DratioTBtot
TBTB
K
K
KRFA
AKH −= −+
)(
. (13) 
and defining
DtotTB
TBTB
KA
AK
,
−=χ  we are left with the equation: 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −−=
D
TB
ratio K
K
RF
pH
)(
log χ . (14) 
Finally, a weighted best fit was applied to equation (13) about the reciprocal of the square of 
the ordinate because the observed error in the measurement increases with increasing signal 
magnitude, which accounts for the increased residuals at high [H+]. This fit, upon conversion 
to pH is 
( ) ⎟⎟⎠
⎞
⎜⎜⎝
⎛ ×−×−= −
−
10
9
1038.4104.7log
ratioRF
pH . (15)  
The relationship 
D
TB
a K
KK = gives an observed Ka for the system, and an observed pKa  
for the impregnated thymol blue of 9.4, slightly more alkaline than that observed in solution 
studies (pKa=8.90 at 0.1 M ionic strength [31]). However, the value is close to that reported 
in a previous membrane study using the reflectance of thymol blue polymer beads at the tip 
of a fiber optic probe (pKa = 9.6) [37].  These differences in pKa indicate a small decrease in 
apparent acid strength of thymol blue upon impregnation of the anion-exchange membrane 
when compared to solution studies. 
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3.3 Method Validation 
Development of the thymol blue analysis was performed by first creating a calibration 
curve, as described above, and then testing samples at several different pH to determine both 
the accuracy and precision of the method.  Table 2 summarizes the results, along with the 
performance figures of merit for each sample.  The method displays excellent agreement with 
pH meter measurements between pH 7.0 and 10.5.  The basic range of thymol blue is 
typically considered to lie between 8.0 and 9.6, thus DRS measurements of C-SPE membrane 
response expands the range for thymol blue beyond that typically observed in solution.  
Interestingly, the measurements that most closely matched those obtained with a pH meter 
are found near the pKa, between pH 8 and 10.  To summarize, the precision of the method, 
defined as the standard deviation of all measurements taken at a given pH (σC-SPE), was 
within 0.23 pH units across the entire range tested (pH 6.5 to 10.44).  Accuracy, defined as 
the difference between the C-SPE measurement and pH meter measurement 
(pHC-SPE-pHmeter), was within 0.4 pH units across the range from pH 7.0 to 10.4. 
3.4 Interferents   
Iodine and Silver (I) were studied primarily because both are used as biocides in the 
potable water supply of the Shuttle and ISS, respectively.  An additional consideration arises 
from the knowledge that iodine-containing solutions stain anion exchange membranes [27]; a 
characteristic that could possibly influence the reflectance spectrum and interfere with pH 
determination.  However, as evidenced by the data summarized in Table 3, no significant 
variations in measured values were observed for spiked samples at any pH, regardless of the 
interferent concentration.  The most noticeable discrepancies in the data obtained by the two 
measurement methods occurred for iodine-containing samples at pH near pH 7.5, although 
the values were consistent with those acquired from analysis of typical interferent-free 
samples. 
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3.5 Iodine Removal Prior to pH Analysis  
As previous work has indicated that iodine affects the color of the anion-exchange 
membranes [27], we wished to determine if removal of iodine prior to pH analysis via C-SPE 
could improve the measurements made on ideal samples.  Additionally, passage of the 
sample through PVP membranes prior to pH analysis begins to develop the concept of serial 
multiplexed analysis.  Table 4 gives full results of the removal of iodine from samples prior 
to analysis by C-SPE.  The largest difference between pHmeter and pHC-SPE occurred in the 
samples on the acidic end of the analysis range.  Overall, the observed difference in pH 
measured by C-SPE between the samples passed through PVP disks (Table 4) and those 
analyzed without passage through a PVP disk (Table 3) demonstrated a small, but significant, 
improvement over that observed under ideal condition samples in the absence of PVP 
membranes. 
The PVP membranes were discarded without analysis. While not possible to remove 
the membranes from the low dead volume cartridge holders without tearing, we did note that 
membranes exposed to the 5 mg mL-1 samples were visibly yellowed, and thus had clearly 
extracted iodine from the samples.  In addition to demonstrating improvement in the accuracy 
of the pH detection scheme, these results lay the foundation for a serial multiplexing scheme 
where a water sample is passed through a PVP membrane and a thymol blue membrane.  
Both membranes could then be analyzed by DRS, giving two parameters of spacecraft water 
quality from a single sample. 
3.6 Sodium Nitrate Introduction 
Introduction of NaNO3 to the samples via a media pad examined the ability to control 
the ionic strength of a sample during analysis.  Assuming 100% dissolution of the NaNO3, it 
was expected that the third highest concentration (0.1 M) would prove the most effective 
because the ionic strength of the analyte solution at 100% dissolution, would match that used 
in calibration curve generation.  However, Table 5 shows that a reagent cartridge with the 
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capability to generate 0.2 M NaNO3 solutions gives results that are closest to those observed 
in the standard samples.  Based upon this observation, we believe that less than 100% of the 
impregnated NaNO3 dissolves upon passage of the buffered solution, which nonetheless 
imparts sufficient ionic strength to the sample for accurate analysis via C-SPE. 
4. CONCLUSIONS 
Through the use of anion-exchange membranes and standard pH indicators, C-SPE 
has demonstrated the ability to determine pH accurately and precisely in the range between 
~7 and 10 in less than two minutes, from start to finish.  Control of ionic strength through in-
process addition of pH neutral ions makes this method particularly adaptable to the 
conditions encountered in space travel (e.g. reduced gravity, limited stowage and minimal 
time required for analysis).  Additionally, we have shown that removal of potential 
interferents (i.e. iodine) can be performed immediately prior to pH measurement through 
selection of appropriate pretreatment membranes, thus demonstrating both the adaptability of 
the method in interferent removal and to serial multiplexing.   We are currently examining 
other indicators and membranes in order to broaden the measurable pH range 
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FIGURE CAPTIONS 
 
Figure 1:  Kubelka-Munk (F(R)) calculated from diffuse reflectance measurements of 
thymol blue-impregnated SPE membranes after exposure to buffered pH samples.  An 
isosbestic point occurs at ~500 nm. 
 
Figure 2: Variation of F(Rratio) in the pH range of 7.0 to 10.0.  Best fit curve was obtained by 
least squares fitting, weighted about the inverse of the F(Rratio)2 and gave a result having 
equation  ( ) ⎟⎟⎠
⎞
⎜⎜⎝
⎛ ×−×−= −
−
10
9
1038.4104.7log
ratioRF
pH .  Refer to text for definition and derivation of 
F(Rratio).   
TABLE CAPTIONS 
 
Table 1:  A summary of buffers used throughout the study to control pH. 
Table 2:  A summary of the pH examined via the C-SPE method throughout the study.  
Table 3:  A summary of pH values examined for potential interferents. 
Table 4:  A summary of iodine removal via PVP disk.  The removal of Iodine from the 
samples did not adversely affect the determination of pH via C-SPE. 
Table 5:  The results of NaNO3 introduction via the reagent cartridges. Negative values were 
obtained for [H+] because the observed F(Rratio) had a value greater than 17.10 
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Table 1:  Buffers Used Throughout the study 
pH Range Buffer 
6.5-8.0 Na2HPO4 
8.0-9.0 TRIS 
9.0-9.5 Sodium Borate 
9.0-10.5 Na2CO3 
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Table 2: C-SPE Method Validation 
pH   pH   
metera C-SPEb σC-SPEc 
pHC-SPE-
pHmeterd 
metera C-SPEb σC-SPEc 
pHC-SPE-
pHmeterd 
6.49 7.08 0.07 0.59 8.33 8.70 0.02 0.37 
6.92 7.31 0.04 0.39 8.48 8.74 0.05 0.26 
6.93 7.24 0.07 0.31 8.49 8.73 0.03 0.24 
7.00 7.29 0.03 0.29 8.51 8.80 0.02 0.29 
7.02 7.39 0.04 0.37 8.74 8.99 0.02 0.25 
7.39 7.76 0.09 0.37 8.94 8.98 0.02 0.04 
7.47 7.84 0.02 0.37 9.00 9.06 0.09 0.06 
7.49 7.81 0.11 0.32 9.01 9.04 0.02 0.03 
7.50 7.83 0.05 0.33 9.02 9.06 0.06 0.04 
7.51 7.79 0.06 0.28 9.44 9.55 0.07 0.11 
7.89 8.24 0.01 0.35 9.45 9.42 0.12 -0.03 
8.01 8.33 0.05 0.32 9.46 9.79 0.06 0.33 
8.02 8.29 0.01 0.27 9.49 9.55 0.09 0.06 
8.03 8.41 0.04 0.38 9.50 9.48 0.05 -0.02 
8.21 8.49 0.07 0.28 10.00 10.07 0.10 0.07 
8.30 8.53 0.02 0.23 10.01 10.39 0.23 0.38 
8.31 8.50 0.02 0.19 10.44 10.45 0.18 0.01 
a.  pH of the analyte solution as determined via pH meter 
b.  pH of the analyte solution as determined via C-SPE 
c.  Standard deviation (σ) for C-SPE measurements, where n ≥ 3 for all samples 
d.  Difference between C-SPE measurements and pH meter measurements 
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Table 3:  Effect of Potential Interferents on C-SPE determination of pH 
pH 
Interferent concentration (mg L-1) metera C-SPEb σC-SPE
c pHC-SPE – pHmeterd 
7.50 7.80 0.03 0.30 
7.55 7.98 0.12 0.43 
8.67 8.83 0.05 0.16 
8.68 8.92 0.07 0.24 
Iodine 1.0 
9.47 9.70 0.10 0.23 
7.32 7.57 0.02 0.25 
8.49 8.69 0.08 0.20 Iodine 3.0 
9.11 9.14 0.04 0.03 
7.34 7.57 0.03 0.23 
7.49 7.88 0.12 0.39 
7.50 7.89 0.09 0.39 
8.48 8.67 0.02 0.19 
8.64 8.83 0.05 0.19 
8.67 8.86 0.08 0.19 
9.09 9.03 0.13 -0.06 
Iodine 5.0 
9.46 9.54 0.11 0.08 
7.31 7.44 0.01 0.13 
8.48 8.65 0.04 0.17 Silver 0.30 
9.12 9.04 0.12 -0.08 
7.29 7.47 0.03 0.18 
8.46 8.66 0.04 0.20 Silver 1.0 
9.08 9.14 0.03 0.06 
a.  pH of the analyte solution as determined via pH meter 
b.  pH of the analyte solution as determined via C-SPE 
c.  Standard deviation (σ) for C-SPE measurements, where n ≥ 3 for all samples 
d.  Difference between C-SPE measurements and pH meter measurements 
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Table 4:  Iodine Removal via PVP membranes 
 pH   
I2 (mg L-1) metera C-SPEb σC-SPEc pHC-SPE – pHmeterd 
7.47 7.74 0.21 0.27 
7.50 7.51 0.11 0.01 
8.66 8.71 0.08 0.05 
8.66 8.66 0.08 0.00 
9.43 9.51 0.22 0.08 
0 
9.48 9.38 0.19 -0.10 
7.46 7.90 0.72 0.44 
7.47 7.58 0.17 0.11 
8.65 8.71 0.12 0.06 
8.67 8.69 0.04 0.02 
9.44 9.62 0.14 0.18 
1.0 
9.48 9.39 0.10 -0.09 
7.46 7.43 0.05 -0.03 
7.49 7.61 0.04 0.12 
8.65 8.59 0.08 -0.06 
8.68 8.67 0.01 -0.01 
9.43 9.38 0.12 -0.05 
5.0 
9.48 9.31 0.18 -0.17 
a.  pH of the analyte solution as determined via pH meter 
b.  pH of the analyte solution as determined via C-SPE 
c.  Standard deviation (σ) for C-SPE measurements, where n ≥ 3 for all 
samples 
d.  Difference between C-SPE measurements and pH meter 
measurements 
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Table 5:  Sodium Nitrate Introduction  
via Reagent Cartridges 
 pH   
[NaNO3] 
(M) meter
a C-SPEb σC-SPEc pHC-SPE - pHmeterd 
0 8.78 0.01 1.22 
0.04 8.24 0.02 0.68 
0.10 7.96 0.05 0.40 
0.20 
7.56 
7.69 0.19 0.13 
0 9.78 0.07 1.24 
0.04 9.48 0.10 0.94 
0.10 9.25 0.07 0.71 
0.20 
8.54 
8.97 0.16 0.43 
0 -e- -e- -e- 
0.04 11.05 -f- 1.55 
0.10 10.15 0.45 0.65 
0.20 
9.50 
9.45 0.22 -0.05 
7.49 7.92 0.01 0.43 
8.65 8.92 0.01 0.27 0.10g 
9.48 9.78 0.11 0.30 
a.  pH of the analyte solution as determined via pH meter 
b.  pH of the analyte solution as determined via C-SPE 
c.  Standard deviation (σ) for C-SPE measurements, where n ≥ 3 
for all samples 
d.  Difference between C-SPE measurements and pH meter 
measurements 
e. F(Rratio) resulted in a negative value for [H+] 
f. Only one of the three samples gave positive values for [H+] 
g. Control samples in 0.10 M NaNO3 and were not passed through  
NaNO3 disks 
 
 
